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Despite its great importance in the field of agriculture and despite the in-
triguing question of the intermediary metabolism involved, the process of nitri-
fication has received relatively little attention and that only spasmodically.
When Pasteur demonstrated in 1862 the microbiological nature of the oxidation
of alcohol to acetic acid, he suggested that the oxidation of ammonia might
have a similar origin. In 1877 this suggestion was verified (59) and for the next
ten years the process received attention, culminating in 1891 in the isolation of
the responsible organisms (21, 66, 69). The next advance did not come until
1916 when Meyerhof (42) undertook an extensive investigation of the respira-
tory activity of these organisms and studied also the effects of inhibitors. A
variety of reports on the subject of nitrification made their appearance in the
next thirty years but no serious attempt to study the metabolic activities of
these organisms was made until the advent of the soil perfusion apparatus (35)
in 1944. Since then several reports of results obtained using this technique have
been published and they obviously indicate a renewed interest in the subject of
soil nitrification and in particular in the biochemical mechanisms involved.
When, in 1877, it was first shown (59) that the oxidation of ammonia, under

soil conditions, was probably biological, the method used was not unlike the
modern perfusion technique. A column of sterile sand and chalk one meter long
had sewage poured over it daily. Analysis of the sewage and the effluent were
made each day and after twenty days the ammonia nitrogen input was found
to appear in the effluent almost completely as nitrate nitrogen. The process was
carried on for as long as four months. It was shown to be inhibited by anti-
septics such as chloroform, and the activity was restored after thorough wash-
ing with sterile water and subsequent addition of washings from ordinary gar-
den soil. The technique showed that none of the organisms then known was
able to oxidize ammonia under these conditions, that alkaline conditions assisted
nitrification, that oxygen was essential and that nitrite often appeared in the
effluent.
During the next decade there were many attempts to isolate the responsible

organisms using the then recently discovered "solid media." All these, however,
failed and it was not until 1890-1891 that three independent workers (21, 66,
69) were able to isolate the nitrite oxidizing organism. Winogradsky isolated
also the nitrite forming bacteria and his method of using silica gel instead of
the standard organic media is still in use today (41). From these results it was
established that the oxidation of ammonia proceeded in two stages:

NH+4--+NO2NO1
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The fact that the presence of organic matter in the medium inhibited com-
pletely the growth of the nitrifying organisms led the early workers to assume
that organic matter per se was deleterious to the growth of these organisms.
Since the later nineteenth century this assumption has been the subject of much
discussion but comparatively little experiment. Some idea of the course of this
discussion may be obtained from a few of the papers (8, 9, 12, 17, 23, 25, 27,
29, 34, 37, 42, 51, 53, 58, 61, 62, 68, 70, 71) on the subject and from some of
the reviews (6, 34, 37, 67). Later work divides organic inhibitors into two broad
categories, i.e., those that produce a specific inhibitory action on the nitrifying
organisms at concentrations of 0.01 M or less, and those that produce inhibi-
tions only at very high concentrations. For example it has recently been shown
(27) that a species of Nitrosomonas isolated from farmyard manure can oxidize
ammonia in the presence of 10% glucose (0.56 M) or 20% sucrose (0.58 M),
higher concentrations are inhibitory. Several examples of specific inhibitory
actions will be discussed in the experimental sections of this article.

Early results led to some discussion of the mechanism of the oxidation of
ammonia, but even today the details of this mechanism remain obscure. The
question of the organic intermediary metabolism of the autotrophs is of obvious
importance but until now has received little attention. A claim has been made
that the formaldehyde detected in the growth of Nitrosomonas represents an
intermediate in the reductive fixation of carbon dioxide (30).
Some account may be given at this stage of the behavior of nitrifying organ-

isms in soil, their natural habitat. The first significant difference between their
behavior in soil and in pure culture is their response to the effect of organic
matter. As early as 1904 it was shown (68) that peptone is far less inhibitory
in sand than in solution cultures, and in 1910 it was shown (62) that in soil,
itself, nitrification is less inhibited than in silica gel media by the presence of
organic matter in general. In 1909 the nitrifications of both cottonseed meal and
ammonium sulphate were compared (61) in soil and solution; both were nitri-
fied more rapidly in soil. It has also been shown (3) that soil, even after igni-
tion, is a far better medium for supporting nitrification than is sand. Similarly
cinders are more effective than porcelain or pumice as a medium and compared
with these, sand and brick are inert (11). Symbiotic development of heterotrophs,
which is said to play a part in nitrification in soil, would, if present, greatly in-
fluence this process (18, 47). Winogradsky himself pointed out in 1931 (70) that
the data concerning the behavior of the nitrifying organisms in pure culture had
still to be applied to the development of these bacteria in soil. The optimum
temperature for nitrification is dependent on the site of isolation of the organ-
ism (64) but in the temperate regions it is approximately 25 C. Nitrification
may be observed (13, 40, 42) over a wide range of pH [5-13], but the actual
range with an isolated organism seems to be dependent on the pH of the soil
from which it was isolated. Nonbiological nitrification has also been discussed
(19, 50, 63).
A number of workers (2, 15, 72) have recently shown that the presence of

colloids in culture media can influence bacterial behavior, and doubtless some
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similar effect occurs in soil. Another factor to be considered in soil nitrification
is the effect of variation in strain of the bacteria; for example, it has been shown
(13, 22, 48) that bacteria isolated from different soils have different nitrifying
capacities.

It is to be expected that in soil, with its complex microflora and its special
physico-chemical conditions, the kinetics, possibly even the mechanism, of nitri-
fication, will differ materially from what takes place in pure cultures of the
nitrifiers. There can be no question of the great importance of studies of pure
cultures of these organisms, especially for the investigation of intermediate
metabolic products which are unstable in presence of a medium such as soil.
The occurrence of hyponitrous acid during nitrification, for example, in flask
culture has been demonstrated (7, 16) but there is as yet no clear evidence of
the formation of this substance during nitrification in soil. Hydroxylamine has
long been suggested (31) as a potential intermediate in the oxidation of am-
monia but no conclusive proof of its presence has been reported. Recently, how-
ever, it has been shown (51, 53) that combined hydroxylamine may be oxidized
directly to nitrite. Meyerhof's early studies (42) on the respiratory activities of
the nitrifying bacteria throw light on many factors influencing the metabolism
of these organisms, and have to be borne in mind in the interpretation of the
phenomena of soil nitrification. But for the study of the process of nitrification
in soil, it is essential to study the course of the events taking place in the soil
itself and to look upon the data obtained from the study of pure cultures as
complementary to those found in the natural medium.
There is now an immense literature concerning field and pot experiments to

show the effects of the addition of nitrogenous substances to soil. The literature
on the nitrification of organic material has been fully reviewed by Whiting (67)
and has since greatly increased. Whiting considered the rapidity of nitrification
of the various types of nitrogen (water-soluble, easily hydrolyzable, total) and
the influence on this of the carbon content of the nitrogen compounds (see also
46). Although this knowledge can be made to be of considerable value to agri-
culturists who wish to know how quickly fertilizers will supply available nitio-
gen, it does not go far in elucidating the processes by which the compounds are,
in fact, nitrified.
The effect of organic matter on the nitrifiers is still undecided. Winogradsky

(70) continued to maintain that they were strict autotrophs inhibited by or-
ganic matter. The general relationship of the results obtained with culture ex-
periments to those obtained in soil is obscure. Albrecht and McCalla (1) sum-
marized the position in 1937 thus:

"The conditions controlling nitrification in aqueous solution have been studied very
specifically. Less definite controls and less refinement in methods have obtained for
studies of this process within the soil. The complexity of a sand, silt and clay mixture,
as soil, prohibits an accuracy great enough to encompass all the various chemical
aspects of so delicate a process as nitrification."

Before describing the new methods and results which seem to deny this fore-
boding, an account of the work of Meyerhof (42) on the effects of various in-
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hibitors may be given. His first two papers deal with the oxygen uptake of nitrite
oxidizing organisms and although some treatment of the thermodynamic aspects
of the oxidation of nitrite to nitrate and the simultaneous uptake of carbon to
form organic matter is given, the larger part of the papers is devoted to the effects
of related organic compounds and other inorganic ions on the process.
The only inorganic sodium salts found to give any significant degree of in-

hibition at concentrations of 0.22-0.15 N were sodium nitrite, iodide and borate.
Most sodium salts of organic acids (0.3 N) inhibited the oxidation of 0.05 to
0.10% nitrite by 50 to 70%. In these experiments proliferating cultures were
used and the inhibitions were measured by estimating the decreases in rates of
oxygen uptake. Some determinations were made, however, with centrifuged
bacteria. Potassium cobaltinitrite and its amminated derivatives were found to
be the only complex nitrites to yield an increase in oxygen uptake, but they also
caused some inhibition of nitrite oxidation. The same was true of nitrosodi-
methylamine; and increasing concentrations of amyl nitrite caused increasing
inhibitions of the oxidation of 1% sodium nitrite.
The esters of carbamic acid showed increasing inhibitory power with increas-

ing size of the aliphatic radicle, e.g., methyl urethane inhibited oxygen uptake
by 50% at a concentration of 300 X 10-6 M but isoamyl urethane caused a
similar inhibition at only 22 X 10-6 M.

Inhibition by ammonium sulphate (0.001 N) was only 8% at pH 7.5 to 8.0
but 55% at pH 9.0 to 9.5, and this was true for most of the aliphatic amines,
e.g., at pH 9.3 triamylamine at a concentration of 0.00005 M caused 46% in-
hibition. Aromatic amines and some of the alkaloids also caused inhibition. The
alkaline and rare earth metal ions caused some inhibition but mercuric and silver
ions had a marked action.
The third paper by Meyerhof deals with proliferating ammonia oxidizing

organisms. In this paper the effects of ammonium ion concentration, pH and
oxygen tension are discussed. Thus it appeared that these organisms were most
active in the presence of 0.005 M substrate, at pH 8.5 to 8.8 and at a high oxygen
tension. Some evaluation was made of the effects of ions, e.g., 0.1 N sodium
chloride, sulphate and nitrate produced inhibitions of 6, 23 and 18% whereas
the corresponding magnesium salts produced 18, 8 and 15% inhibitions. The
heavy metal ions, on the other hand, were far more toxic to pure cultures, e.g.,
0.005 M Pb++, Zn++, Mn++, Co-, Cu+ l Ni--, Hg++ and Ag+ yielded inhibi-
tions, all of which were greater than 50%.

Organic salts of sodium gave results which were much the same as those ob-
tained with sodium chloride. Sodium benzoate was however exceptional giving
52% inhibition at a concentration of 0.026 M (compare 0.2 M sodium chloride
giving 45%).

Guanidine was found to be a potent inhibitor of ammonia oxidationiand the
concentrations of some of its substituted products which yield 50% inhibition
were found to be as follows: guanidine 50 X 10-6 M, aminoguanidine 65 X 10-6
M, triphenylguanidine 250 X 10-6 M, nitroguanidine 19 X 10-3 M, creatine 10
X 10-3 M, creatinine 20 X 10-3 M.
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Aliphatic amines or diamines, and aniline or substituted anilines, all gave
inhibitory effects, e.g., p-phenylenediamine inhibited respiration in pure culture
100% at a concentration of 50 X 10-6 M. The simple carbamates were tested
and it was found that the smaller the ester radicle the greater was its efficiency
in inhibiting the respiration of the ammonia oxidizing cells.
A great deal of experimental work has been carried out on nitrification in soil

itself but this has had reference mainly to problems of soil fertility. Little light
was thrown on the mechanism of nitrifying processes in soil and work with pure
cultures proved to be of little help. A need for a new approach to the problems
of soil metabolism was obvious. In 1944 the first report of such an approach was
made (35) and its main contribution was the description of a new apparatus
designed to study perfused soil. Since then the apparatus has been simplified
(4, 33) and it is the simplified versions which are in use today. Several reports
(5, 14,24, 32, 34, 35, 36, 37, 38, 51, 52, 53, 60) on the use of this type of apparatus
have already appeared and it seems that the soil perfusion technique fulfills
many of the requirements required in a fresh approach to the problems of nitri-
fication.
The technique is such that the soil is treated throughout the experiments as a

biological whole. The metabolic events taking place may be studied with greater
accuracy than has been accomplished hitherto. In essence, an attempt is made
to study the metabolism of a soil as though it were a living tissue. Emphasis is
placed on the changes brought about by the soil as a whole under defined experi-
mental conditions, and care is taken that the soil itself is not interfered with
throughout the experimental period. It is, of course, certain that many biological
and chemical changes occur in the soil during the experiment; but so long as the
technique employed gives accurately reproducible results, there is no a priori
reason why various aspects of metabolism should not be as amenable to study in
soil as they are in isolated plant or animal tissues. Experiments which will be
described show with what reproducibility the kinetics of these processes may
be studied even in soils of different origins.
The first studies on the process of nitrification (37), using the soil perfusion

apparatus, confirmed it as a comparatively slow process accomplished entirely
by microorganisms. Further experiments gave rise to the conclusion that the
rate of nitrification of a given quantity of ammonium sulphate is a function of
the degree to which the ammonium ions are adsorbed on, or combined in, the
soil in the form of the soil's base-exchange complexes. The greater the amount
of adsorption, the faster is the nitrification.
The interpretation of these results was that the nitrifying bacteria grow on the

surfaces of the soil crumbs at the sites where ammonium ions are held in base-
exchange combination, and proliferate at the expense of such adsorbed ammo-
*M.
These facts led to the conclusion, that, when all the relevant sites at the sur-

face have been occupied, further growth of the organisms will not occur except
to replace cells which have died and disintegrated. Remarkably few living
nitrifying cells enter into the soil solution. There arose, therefore, the conception
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of a bacteria-saturated soil; that is to say, a soil where the area of proliferation
is limited and cannot be extended owing to full occupancy of available sites for
proliferation. Such a bacteria-saturated soil may be made to yield information
as to whether any given substance is broken down by the cells which saturate the
soil. If an organic nitrogen compound, for example, is broken down and oxidized
to nitrate by nitrifying cells, then the course of nitrate formation in a soil sat-
urated with such cells should be linear, and show no initial lag period. If a lag
phase does take place, the inference is that the compound in question needs
attack by organisms other than the nitrifiers before nitrification can take place.
In this way it has been proved that aliphatic amines, which are nitrified in soil,
require organisms other than the nitrifiers to effect the initial decomposition.
An interesting new observation has been that, although hydroxylamine, at

small concentrations, is toxic to the nitrifying organisms and is apparently not
nitrified, the presence of sodium pyruvate secures a speedy nitrification of the
amine. Pyruvic oxime also undergoes rapid nitrification by a soil enriched with
nitrifying organisms.
Another phenomenon that has been observed is the remarkable bacteriostatic

effect of potassium chlorate on the organisms that convert nitrite to nitrate (36).
Small concentrations of chlorates, e.g., 10-6 M, have the power of preventing the
development of Nitrobacter, whereas that of Nitrosomonas proceeds unchecked.
The result is that when nitrogenous substances are nitrified in soil in the presence
of small quantities of chlorates, nitrites but not nitrates accumulate. Potassium
chlorate acts as a typical bacteriostatic agent. It does not poison or interfere
with the bacterial oxidation of nitrite to nitrate, for with a bacteria-enriched soil
the conversion of nitrite to nitrate proceeds at a constant rate uninfluenced by
concentrations of chlorate which inhibit proliferation of the organisms involved.
Chlorate bacteriostasis may be neutralized by the presence of nitrates, which
appear to act specifically. Explanations of these phenomena are still lacking.

Inhibitors such as ethyl urethane gave qualitatively but not quantitatively
the same results as those previously obtained by Meyerhof (42, 51, 60).

Later work showed the effects of various heavy metal ions on nitrification
(32, 34), the effect of organic matter in immobilizing nitrate (34), the effect of
amino acids, pH of the soil and the perfusate, narcotics and many other inhibi-
tors on the oxidation of nitrite in soil (45, 51, 52). Still more recent work (51,
53) has shown the existence of a new form of nitrification whereby an organic
nitrogenous compound, i.e., pyruvic oxime may yield nitrous acid directly with-
out proceeding via ammonia.

Finally, in the present work, results will be cited which not only illustrate the
many problems being faced today in the study of nitrification but also illustrate
the specificity of action and stability of certain antibiotics and bacterial antagon-
ists in soil. They describe in more detail the kinetics of soil nitrification and throw
some light on the mechanism of ammonia oxidation.

PART I. NITRIFICATION OF AMMONIUM IONS AND OF AIMNES

The work to be reported upon in this communication consists of a develop-
ment of the investigations on soil nitrification using the modified soil perfusion
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technique (4, 37). A preliminary statement giving the substance of some of the
results to be described here has already been published (51).
The method of investigation is that of continuous perfusion in the dark at

21 C of a neutral solution of the substance under investigation through a column
of 30 g air-dried crumbed soil (2 to 4 mm crumbs) under conditions of optimal
aeration together with water saturation, but no water-logging. This technique of
soil perfusion has already been fully described (37, 51). It may be mentioned
that a battery of about 100 soil perfusion units kept in a thermostatically con-
trolled room was employed.
Among the various conclusions previously reached, the following are of im-

portance in connection with the present report:
1. When nitrification takes place in soil, the nitrifying organisms develop

largely at the surfaces of the soil crumbs. During the initial perfusion of an air-
dried soil this process may be of long duration, since the logarithmic growth
phase is involved; but eventually a condition is reached when the sites of pro-
liferation in the soil are saturated with the nitrifying organisms. The soil is now
termed a saturated or enriched soil. Such a soil brings about a relatively rapid
rate of nitrification. This rate remains constant during subsequent perfusions
of the soil with ammonium chloride. The soil, in fact, behaves like an enzyme
system, no proliferation of the relevant organisms taking place except pre-
sumably to replace the dead cells. The sites on the soil, at which Nitrosomonas'
develops, are those where ammonium ions are held in base exchange. It seems
possible that the adsorbed ammonium ions are preferentially taken up by the
nitrifying organism.

2. A saturated or enriched soil that nitrifies an ammonium salt at a constant
rate shows no initial lag period and will not nitrify organic nitrogen compounds
such as methylamine, trimethylamine and glycine at constant rates. In fact, a
lag period occurs showing that organisms must first develop that can convert
these compounds into free ammonia which is subsequently nitrified. Pyruvic-
oxime is very rapidly nitrified but it is now known that this process is accom-
plished by a heterotroph which has been isolated (51, 53).
Some of the factors influencing the kinetics of soil nitrification of ammonium

ions and of amines will be discussed, and experiments showing the application
of the Warburg manometric technique to the study of ammonia metabolism in
enriched soils will be described.

Methods of Analysis
All analyses of samples from the soil perfusion apparatus have been made of

either nitrate or nitrite accumulating as a result of the nitrifying processes.
Estimations have been made calorimetrically.

Nitrate. A 1.0 ml sample of the soil perfusate is pipetted into a 25 ml volu-
1 It has been found convenient, in this and subsequent papers, to refer to the soil organ-

isms that convert ammonium ions to nitrite as Nitrosomonas and those that convert nitrite
to nitrate as Nitrobacter. It is to be understood, however, that when these terms are used,
there is no intention to eliminate other autotrophic organisms in the soil accomplishing
these processes.
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metric flask and evaporated to dryness in the presence of 0.2 ml 6% A.R. hydro-
gen peroxide (to oxidize any nitrites present to nitrate). On cooling, 1.0 ml
phenoldisulphonic acid reagent is added and swirled around the flask. After
standing for half an hour, 10.0 ml water and excess concentrated ammonia are
added to each flask. On cooling the flasks, the volume is made up to the mark
with ammonia and the intensity of the yellow color which develops is compared
with that obtained from a standard potassium nitrate solution similarly treated.
Accurate colorimetric assays are made using the Fisher Electrophotometer with
filter B425. The extinction relative to that of a solution containing 70 ,ug ni-
trate-N is proportional to the logarithm of the concentration of nitrate-N in the
sample (see fig. 1).

1.3/

1.1

0

0.9

0

0.5 0.6 0.8 1.0 1.2

FIG. 1. Calibration curve for nitrate estimation
Ordinate: Relative extinction. (Relative extinction = 1 for 70 pg nitrate-N/ml) Abscis8a:

log (ug nitrate-N/ml).

Nitrite. This substance has also been estimated colorimetrically using the
Fisher Electrophotometer with filter B525. The color is obtained with the Griess-
Ilosvay reagent and compared with that obtained from a standard solution of
M/4000 sodium nitrite. The samples obtained from the perfusion units are
diluted accordingly. A direct proportionality exists between the concentration
of nitrite present and the amount of color developed.

Results
Kinetics of soil nitrification of ammonium ions. Some details of the kinetics of

the nitrification of ammonium ions in soil have already been discussed (37). It
was found that the rate of nitrate formation, during the perfusion of ammonium
chloride or sulphate, followed a sigmoid curve, which seemed to fit the equation:

ylog A-y = K (t-t1) [1]
where y = nitrate-N produced

A = asymptotic value approached by y
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t = time
At1= time to y =2

K = constant
This equation had previously been discussed (43, 49) in connection with the

process of nitrification.
More recent investigations, by ourselves, indicate that a simpler logarithmic

relationship holds, i.e.,
log y=kt + k' [2]

where k and k' are constants.
120 1.9

C.

so0 1.5

40 t ,6/o/ / ]

Q7
0 4 8 12 16

FIG. 2. Rates of nitrification of NHt during soil perfusion

A. Course of nitrate formation during initial perfusion of 0.01 M ammonium chloride
through fresh soil.

B. Linear relationship between log y and t.
C. Course of nitrate formation during second soil perfusion of 0.01 M ammonium

chloride.
Ordinate: Left, j.g nitrate-N/ml (y). Right, logio y. Ab8cissa: Time in days (t).

This experimental relationship helps to explain the fact that when a soil, that
has been perfused with a solution of ammonium ions, is reperfused with a fresh
solution of ammonium ions, the rate of nitrification during the second perfusion
is constant and is almost the same as that at the end of the first perfusion. A
typical set of results is shown in fig. 2. The simple exponential equation [2] gives
the best correspondence with the facts. The rate should ultimately become a
constant and should remain so when the soil is saturated with the organisms
involved. On the other hand, if the sigmoid curve [11 is the better representation
of the kinetic data, it is difficult to explain why there should be a decline in the
rate of nitrification at the end of the first perfusion followed by a high and con-
stant rate of nitrification during the second perfusion.
The exponential equation [2] which seems to hold in our soil perfusion work

may be derived in the following way.
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Let there be no Nitrosomonas organisms present in the soil at any moment,
of which n are non-viable. Then no -n = N are viable. Since the rate of pro-
liferation may be expressed by the equation

dN KN

logN = Kt + constant.

If the nitrifying capacity per cell remains constant, say p, then log pN = Kt
+ constant. But the overall nitrifying activity, pN, of the viable cells equals

dy, where y is amount of nitrite produced. Since there is almost immediate con-

version of nitrite into nitrate in a nitrifying soil, y is also equal to the amount of
nitrate produced. Then

log (dy) Kt + constant

dY= Kte.t
dt

y = KfeKt + constant, where K' and K" are constants.

But when t is zero, y is also zero, so that

y = K'(elt- 1)

Under our experimental conditions it is found that e'" is large compared with
unity so that this expression approximates to

y = K1eKt

which may be rewritten as

log. y = Kt + constant

Granting no interfering factors, the amount of nitrate appearing in a perfusate
should increase in a logarithmic manner with respect to time. The results given
in fig. 2 show the validity of this conclusion. No results have been plotted where
the nitrate concentration has been less than 20 ,g/ml owing to the inaccuracy of
the estimation in this region. It will be seen from fig. 2 that, on the second per-
fusion, the initial rate of nitrification is almost the same as that at the end of the
first perfusion. This is entirely in accordance with the conclusion (37) that a
condition of bacterial saturation of the surfaces of the soil crumbs arises when,
in effect, the system behaves like a suspension of nonproliferating and yet ac-
tively metabolizing cells.

Effects of Changes of Hydrogen Ion Concentration on Soil Nitrification
1. Buffering powers of soils. The buffering power of a soil plays an important

part in determining the rate of nitrification of ammonium salts. The optimum
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rate of nitrification by Nitrosomonas in pure culture takes place at pH 8.5, the
lower limit being at pH 4 (42). Since the oxidation of ammonium ions brings
about the formation of nitric acid, it is obvious that the pH will fall progressively
during nitrification unless there is good buffering. One of the most important
factors controlling soil buffering is the amount of calcium carbonate present. A
Cardiff soil which was neutral (pH 6.8) but which contained but little chalk
showed a poor rate of nitrification of perfused ammonium chloride with little or
no activity during the second perfusion. The addition of chalk (1 g to 30 g soil)
improved the rate of nitrification strikingly and subsequent rates, on reper-
fusions, were constant and at a high level. Montreal garden soils, which have been
used in almost all the work described in this paper, have a pH of 7.6 with a high

TABLE 1
Effects of the presence of 8odium salts of organic acids and of glycerol and of glucose on the

rate of nitrification of ammonium sulfate during perfusion through a Cardiff soil (pH
6.8, poorly buffered). 30 g of soil, 200 ml perfusing solution

Nitrate-N (iug/ml) Maximum = 140 pg/ml

TIIDM Hf1OURS
NO SOLUTION

24.0 46.5 96.0 14.0 192.0 264.0 312.0

M/200 ammonium sulfate 11.5 23.0 45.0 56.0 68.5 92.0 129.0
M/200 (NH4)2,80 and M/200 sodium 10.5 17.0 64.0 84.5 126.5 133.0 142.0
pyruvate

M/200 (NH4)tS04 and M/200 sodium 25.0 59.5 85.5 126.0 138.5 135.0
acetate

M/200 (NH4)2S04 and M/200 sodium 6.5 16.0 55.5 71.5 119.0 133.0 140.5
succinate

M/200(NH4)2SO4andM/200sodiumbi- 9.5 28.0 36.5 87.5 133.0 130.5 133.0
carbonate

M/200 (NH)2SO4 and M/200 glycerol 23.0 17.5 36.5 74.0 94.5 115.0
M/200 (NH4)2804 and M/200 glucose 12.0 12.5 27.5 26.5 39.0 51.0 80.5

chalk content; these show excellent rates of nitrification with subsequent rates,
on reperfusion, constant and at the same high level.

2. Effects of the addition of sodium bicarbonate to soil. We (51) have shown that
the addition of sodium bicarbonate (0.01 M) to a perfusate conta'ining ammonium
chloride (0.01 M) markedly improves the rate of nitrification in acid or slightly
acid soils, but that the action is not so well sustained as when calcium carbonate
is added.

3. Effects of the addition of sodium salts of organic acids. Admixture of sodium
salts of organic acids such as pyruvic, succinic, or acetic with ammonium sulfate
in the perfusing solution improves the rate of nitrification, but the improvement
is almost identical with that effected by an equivalent concentration of sodium
bicarbonate. Results illustrating this fact are shown in table 1. There seems to
be little doubt that the accelerating action of the sodium salts of organic acids
is due to their conversion, by soil heterotrophs, into sodium bicarbonate which
by increai g the soil pH improves the rate of nitrification of ammonium ions.
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4. Effects of the addition of glycerol and of glucose. As may be anticipated, the
addition of glycerol or of glucose to a solution of ammonium sulfate does not
increase the rate of nitrification.
The addition of glycerol has an initial depressing effect on the rate of nitri-

fication, but in 8 days the rate is the same as that obtained with ammonium
sulfate alone. The addition of glucose produces a much more sustained depres-
sion of the rate of nitrification, and, even after thirteen days perfusion, when
with sodium salts of organic acids there has been 100% conversion of ammonia
into nitrate and with glycerol 80%, there is with glucose only 57% conversion.
Doubtless this depression is partly due to mobilization of nitrogen either from
ammonia or nitrate by the heterotrophs assimilating the carbon of glucose and
glyceroL

5. Effects of the addition of amino acids. If the conversion of an amino acid,
say glycine, into nitrate by soil bacteria always requires the intermediate for-
mation of the ammonium ion, it follows that the rate of nitrification of glycine
should never exceed that of ammonium chloride under identical experimental
conditions for equal quantities of nitrogen, chloride ions being relatively non-
toxic (42). This however is not the case (51). With a soil of pH 6.5, the rate of
nitrification of the glycine exceeds that of the ammonium chloride. Moreover,
such a soil, after perfusion with glycine, becomes enriched with nitrifying or-
ganisms, subsequent perfusions with ammonium chloride showing relatively good
rates of nitrification. The same soil perfused only with ammonium chloride fails
to show such enrichment. A neutral or slightly alkaline soil, however, favors the
nitrification of ammonium chloride rather than that of glycine, whereas an acid
soil (pH 4.5) fails to nitrify either substance satisfactorily. The reason for the
preferential nitrification of glycine over ammonium chloride in slightly acid
soils (pH 6.5)-a phenomenon which must be of importance in connection with
fertilizer problems-is easy to perceive.
When nitrification of one ammonium ion takes place, two hydrogen ions are

iberated, thus:

NHt+ 202-2H++ N0 + H20

When glycine is nitrified, the following is the end result:

+NH3 CH2*C00- + 7(0) -4 2C02 + 2H20 + H+ + N03
In this case only one hydrogen ion is liberated per molecule of glycine, apart
from the production of carbon dioxide, and hence the production of acidity will
not be as great as during the nitrification of an ammonium salt of a mineral acid.
Unless therefore the soil is well buffered, the fall of pH will be greater when am-
monium chloride or sulfate is nitrified than when glycine, or any other amino
acid is nitrified, for equivalent quantities of nitrogen. Doubtless the buffering
action of the amino acid itself may play, initially, some role in maintaining the
pH of the soil but this cannot be of long duration as the attack of heterotrophs on
the amino acids in soil is very rapid and ammonia liberation quickly takes place.
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Rates of nitrification of amino acids in soil
The rates of nitrate formation from such amino acids as glycine, alanine and

glutamic acid on continuous perfusion through a well-buffered garden soil (pH
7.2) do not markedly differ from that from ammonium chloride when used at
equivalent concentrations as previously shown (51). The results indicate that,
in spite of the development of heterotrophic organisms that capture part of the
available nitrogen, sufficient ammonia is produced to encourage the proliferation
of nitrifying organisms at nearly optimal rates. Such a result proves that, under
soil conditions, the presence of organic matter in the form of the simple amino
acids quoted is no hindrance to the process of nitrification. The initial lag periods
are of the same order as that obtained with ammonium chloride itself. The con-
clusion that amino acids per se (as well as such molecules as acetate, succinate,
and glycerol) are not inhibitory to the development of the nitrifying organisms
has recently (27) been confirmed.
A striking exception, however, presents itself with dl-methionine. This amino

acid has a marked inhibitory action on soil nitrification (51). The inhibition will
be considered in more detail later. Another amino acid whose presence in soil
affects the rate of nitrification of ammonium salts is cysteine. Its depressing
effect is in no way comparable with that of methionine, as results shown in fig.
3 indicate. In these experiments, sodium chlorate (0.001 M) was added to the
perfusing solutions in order to inhibit the development of the Nitrobacter (36)
and so make it easier to perceive the action of cysteine and methionine on the
initial stage of nitrification of ammonia to nitrite. It will be observed that al-
though neutral cysteine (M/100) retards the nitrification of ammonium chloride,
the effect is that of a general slowing down as would be expected from a fall of
pH. With dl-methionine (M/100), however, there is a long lag period during
which there is neither nitrification of methionine itself, nor of the ammonium
chloride, mixed with it. Eventually the lag ceases, doubtless when the methionine
is completely decomposed, and then there is a rapid rate of nitrification both with
methionine alone and with a mixture of methionine and ammonium chloride.

During cysteine perfusion through soil, free sulfate ions are formed and there
is little doubt that the initial retardation of the rate of nitrification secured by
cysteine is due to the fall of pH consequent upon the acidity produced on the
liberation of sulfuric acid from cysteine oxidation. The retarding action of
cysteine on nitrite oxidation in soil, may also be partly ascribed to the fall of
pH due to sulfuric acid formation (45, 51, 52).

Effects of Organic Substances on Soil Nitrification of Ammonium Ions
1. Urethanes. Meyerhof (42) first showed that ethyl urethane inhibits the

metabolism of isolated pure cultures of nitrifying organisms, giving 42% in-
hibition of the activity of Nitrosomonas at a concentration of 0.016 M and 4%
inhibition Nitrobacter at a concentration of 0.011 M. This result was verified
(37) and a higher sensitivity of nitrification to ethyl urethane in soil culture was
shown. It was also demonstrated that the inhibitory effect of ethyl urethane is
reversible. The presence of 0.01 M ethyl urethane greatly inhibits the nitrifica-



14 J. H. QUASTEL AND P. G. SCHOLEFIELD [VOL. 15

tion of 0.01 M ammonium chloride in garden soil (51), there being a complete
suppression of nitrate formation for about twenty days. Thereafter the nitri-
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FIG. 3. The influence of methionine and cysteine on nitrification in fresh soil in the pres-
ence of 0.001 M sodium chlorate.

A. 0.01 M Ammonium chloride only.
B. 0.01 M Cysteine only.
C. 0.01 M Ammonium chloride and 0.01 M cysteine.
D. 0.01 M Methionine only.
E. 0.01 M Ammonium chloride and 0.01 M methionine.
Ordinate: pg nitrite-N/ml. Abscissa: Time in days.

TABLE 2

Effects of varying concentrations of ethyl urethane on nitrijication of ammonium chloride
(0.01 M). 80 g soil at 21 C

T1PE IN DAYS rot mmIAz-N ESTInMT LAo PERIODSUJBSTANCES PRESENTDIN PERTUSAIRTO REACH 100 Ag/oM I DAYS

Ammonium chloride 13 0
Ammonium chloride and 0.0001 M ethyl 14 1
urethane

Ammonium chloride and 0.00033 M 16 3
ethyl urethane

Ammonium chloride and 0.001 M ethyl 25 12
urethane

Ammonium chloride and 0.0033M ethyl 32 19
urethane

fication proceeds normally except that the nitrate nitrogen recovered accounts
for 80% of the total nitrogen of the ammonium chloride and of the urethane.
Urethane, itself, is ultimately metabolized by soil organisms.
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The addition of different concentrations of ethyl urethane to a solution of
ammonium chloride, that is being perfused through soil, brings about different
lag periods, at the termination of which the rates of nitrate formation are very
similar. Results given in table 2 show the different lag periods obtained with
varying concentrations of ethyl urethane. A typical curve illustrating the course
of nitrification of ammonium chloride in the presence of 0.01 M urethane is
given in fig. 4.
The high sensitivity of the process of nitrification of ammonium ions to ethyl

urethane, during soil perfusion, is not seen when the process is investigated
manometrically using enriched soils over periods of short duration. The results
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FIG. 4. The influence of ethyl urethane on nitrification in fresh soil. Perfusate of 0.01
M ammonium chloride and 0.1% ethyl urethane.

Ordinate: pg nitrate-N/ml. Abscissa: Time in days.

indicate that ethyl urethane impedes the assimilation of ammonium ions by
Nitrosomonas, necessary for its growth.

Manometric investigation of ammonium ion oxidation by enriched soils. Soils
that have been enriched or saturated with organisms attacking certain substrates
may be conveniently investigated with the conventional Warburg manometric
technique.
A soil known to be enriched with nitrifying organisms, through several per-

fusions of ammonium salts until complete nitrification has taken place, is washed
with distilled water until the washings are free from nitrate and ammonium
ions, and is pushed out of the soil tube on to a muslin cloth which is then wrapped
around the soil This is suspended over a sink and the soil allowed to drain over-
night (18 hours at 20 C). The soil is now squeezed gently to break up lumps and
chopped with a spatula until it becomes a mass of small discrete crumbs rather
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than a mud. Thewater content of this soil is about 50%. 1.5 g of the soil is weighed
out and placed in a Warburg flask, care being taken to prevent soil entering the
center well or the side arm. This is done by placing a small glass hood over the
well and tilting so that the side arm is uppermost. 2.0 ml of an aqueous solution
of the substance under investigation is added to the soil, which now becomes
completely covered with fluid. Filter papers soaked in KOH solution are placed
in the center well and the Warburg manometers are set up and shaken in the
ordinary way. Experiments are carried out at 37 C, as, at this temperature,
rates of oxygen uptake are appreciably higher than those at 21 C. There is no
reason to suspect that the kinetics of oxidation by the soil organisms are ad-
versely affected by the higher temperature. Attempts to store the damp soil for
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FIG. 5. The oxidation of ammonium chloride in enriched soils followed manometrically.
A. 1.0 ml. 0.002 M ammonium chloride added.
B. 0.5 ml. 0.002 M ammonium chloride added.
Ordinate: ul Extra oxygen uptake. Abscissa: Time in hours.

a longer period than that indicated have not proved profitable,-indeed the
activity tends to fall off with time. A standard procedure has been to press the
active soil in a clean cloth, to break it up as finely as possible, and to allow the
finely divided soil to remain exposed to the air for half to one hour. Control
manometric experiments are always carried out with soils suspended only in
water. It has already been shown (20) that the respiration of a yeast suspension,
in the presence of glucose, when added to soil is additive to the blank or water
control of the soil itself.

Typical results showing the rates of oxygen uptake of washed enriched nitri-
fying soils in the presence of different quantities of ammonium chloride are
shown in fig. 5. The difference between the total oxygen uptakes obtained with
1.0 ml M/500 ammonium chloride and 0.5 ml. M/500 ammonium chloride is
41.5 jul. For complete oxidation of ammonium chloride, viz.,

NH4Cl + 202 -*HC1 + HNO3 + H20,
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the amount of oxygen required for the nitrification of 0.5 ml M/500 ammonium

chloride would be 2 X 22.4 X 0.5 X 1000 ul = 44.8 tl. Therefore 92% of the
500

theoretical value of oxygen was taken up. In general oxygen uptakes of the order
of 85% of the theoretical values are obtained.

Effects of urethane on oxygen uptakes of enriched soils in the presence ofammonium
ions. Data given in table 3 show the values of oxygen uptake by 1.5 g washed
soil, enriched with nitrifying organisms (through several perfusions with 0.01
M NH4Cl), alone, with ammonium chloride, and with ammonium chloride-ethyl
urethane mixtures. It will be seen that ethyl urethane exercises no inhibition
until the amount added to the Warburg flask is 1 ml M/100, its final concentra-

TABLE 3
Oxygen uptakes in ;J after 2.6 hours at 87 C by 1.5 g enriched nitrifying Boil in the presence

of ammonium chloride and ethyl urethane mixtures

SUBSTANCES ADDED TO SOIL IN TEE WARBUEG OXYGEN UPTAdE IN EDIJJEEENCES DUE To NHCI
FLASK ADDITIONS

2 ml Water 44.0
1 ml Water and 1 ml M/100 ammonium 129.0 85.0
chloride

1 ml Water and 1 ml M/3000 urethane 44.5
1 ml M/100 NH4Cl and 1 ml M/3000 128.5 84.0
urethane

1 ml Water and 1 ml M/1000 urethane 34.5
1 ml M/100 NHC1 and 1 ml M/1000 114.0 79.5
urethane

1 ml Water and 1 ml M/300 urethane 31.5
1mlM/100 NH4Cland1mlM/300ure- 128.0 96.5
thane

1 ml Water and 1 ml M/100 urethane 26.0
1 ml M/100 NH4C1 and 1 ml M/100 ure- 73.0 47.0
thane

tion in this flask being M/275. The constant rate of oxygen uptake by an en-
riched soil respiring in the presence of ammonium chloride was found to fall to
a lower level in the presence of the urethane. It is obvious from tables 2 and 3
that ethyl urethane, at a concentration ten times less than that at which a
definite inhibition of the rate of oxygen uptake occurs, secures almost complete
inhibition of the rate of proliferation of Nitrosomonas in soil.
The inhibitory effect of ethyl urethane at concentrations of the order of M/200

on ammonia oxidation by enriched soils is also shown by N-methyl urethane.
This substance at a final concentration of M/125 completely suppresses the
oxygen uptake secured by an enriched nitrifying soil in the presence of M/125
ammonium chloride.

Later work has shown that ethyl urethane at the concentrations used exercises
no inhibitions, such as those described, on other forms of soil metabolism that
have been studied, including the metabolism of Nitrobacter. In these experiments
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ethyl urethane causes an inhibition of the growth of Nitrosomonas at concentra-
tions as small as M/5,000 and only secures 50% inhibition of ammonia oxidation
at a concentration of M/275 when examined manometrically. These concentra-
tions are small compared with those affecting metabolism in animal tissues or
yeast. For example, a concentration of M/5 is required to inhibit rat brain cortex
respiration by 50% (28), and a concentration of M/30 inhibits guinea pig brain
respiration by only 20% and does not affect yeast respiration at all (55). This
leads to the conclusion that ethyl urethane may have a high affinity for enzymes
specifically concerned with ammonia metabolism.
A few experiments carried out with acetamide, show that this compound even

at a concentration of M/125 has no inhibitory effect on the oxidation of ammonia
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FIG. 6. The influence of guanidine carbonate on nitrification in fresh soil
A. 0.01 M Ammonium chloride.
B. 0.01 M Ammonium chloride and 0.0033 M guanidine carbonate at pH 7.0.
C. 0.0033 M Guanidine carbonate at pH 7.0.
Ordinate: jig nitrate-N/ml. Absciasa: Time in days.

by an enriched soil. It is clear that the CONH2 group per se is not inhibitory so
far as Nitrosomonas metabolism is concerned.
A study of the results obtained on perfusing mixtures of ammonium chloride

and ethyl urethane through soils shows that nitrification takes place only when
organisms have developed that break down the ethyl urethane.

2. Guanidine. Work with pure cultures of nitrifying organisms (42) and the
soil perfusion technique (37) has shown that guanidine is a highly effective in-
hibitor of nitrification of ammonium ions. Results showing the effect of guanidine
carbonate (M/300) on the nitrification of ammonium chloride (M/100) during
soil perfusion are given in fig. 6. The effect of the guanidine is to produce a long
lag, extending to about 20 days, before nitrification commences. The rate of
nitrification then proceeds normally. It is interesting to note that nitrification
of a mixture of guanidine and ammonium chloride commences before that of
guanidine alone, i.e., at a point when there can be no appreciable breakdown of
guanidine to ammonia. Either, therefore, the presence of ammonium ions lessens
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the toxic action of guanidine or there occurs some adaptation of the nitrifying
cels to guanidine whereby, in its presence, nitrification may take place. Such
adaptation to a toxic substrate by nitrifying organisms will form the subject of
discussion later, but a similar phenomenon is the adaptation of Nitrobacter to
the toxic action of chlorate (36).
Both guanidine and N-methyl guanidine exercise, at a final concentration of

M/275, marked inhibitions of the oxygen uptake secured by ammonium ions
(M/275) in the presence of a washed nitrifying soil, enriched by repeated per-
fusion with ammonium chloride solution. Typical results are shown in table 4

TABLE 4
Oxygen uptake in jul after 2.5 hours at 37 C by 1.5 g enriched nitrifying soil in the presence

of ammonium chloride and guanidine and methyl guanidine

SUBSTRATES ADDED OXYGEN UPTAKE N p1

2 m. Water 44
1 ml Water and 1 ml M/100 ammonium chloride 129
1 ml Water and 1 ml M/100 guanidine 20
1 ml M/100 NH4Cl and 1 ml M/100 guanidine 21
1 ml Water and 1 ml M/100 N-methyl guanidine 30
1 ad M/100 NH4Ol and 1 ml M/100 N-methyl guanidine 46

TABLE 5
Effects of thiourea and thiosinamine on the nitrification of ammonium chloride during soil

perfusion

,pg NO:-N/ML PRODUCED
AFTEit 21 DAYS PERFUSION

([Axnx - 140)

0.01 M ammonium chloride 130
0.01 M ammonium chloride and 0.005 M thiourea 17
0.01 M ammonium chloride and 0.005 M thiosinamine 15

and indicate a toxicity of guanidine of over 80% which is superior to that of an
equivalent concentration of ethyl urethane.

3. Thiourea and thiosinamine. Thiourea at a concentration of 0.00033 M will
entirely prevent the nitrification of ammonium chloride in soil (51) even after
a lapse of 16 days. There are no indications that thiourea will itself undergo
nitrification. Thiosinamine (allyl-thiourea) is equally effective as an inhibitor of
nitrification, as results in table 5 indicate. As previously shown (51) thiourea
inhibits the oxygen uptake of an enriched nitrifying soil in the presence of am-
monium chloride and no evidence of adaptation of nitrifying organisms to
thiourea or thiosinamine has been secured.

Conceivably the toxic action of thiourea is explicable on the basis of possible
combination at low concentrations with metallic ions, e.g., copper, which is said
(32, 34) to be an important element in the development of nitrifying organisms
or in the process of nitrification. This explanation does not seem at present, to
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be entirely satisfactory for if the sole effect of thiourea is to immobilize metallic
ions, it would be expected to have a higher toxicity to biological oxidations in
animals tissues than is known to take place.

4. Urea, arginine, creatine and glycine. The influence of these substances on
the respiration of a nitrifying soil has been investigated because of the relatively
rapid production of nitrate during the perfusion of urea and glycine, and because
arginine and creatine are guanidine derivatives and might act similarly to guani-
dine in depressing nitrification.

Results given in table 6 show that none of these substances has any inhibitory
action on the oxygen uptake of an enriched nitrifying soil in the presence of
ammonium chloride. The oxygen uptakes secured by glycine alone or ammonium
chloride alone, on a nitrifying soil, are additive when the two substrates are
mixed, pointing to no inhibition of ammonia oxidation by glycine at 0.0036 M.
It has been found (27) however, that glycine at the higher concentration of

TABLE 6

Relative oxygen uptakes obtained with 1.6 g of washed enriched nitrifying soil at 87 C. The
final concentration of all solutions was M/275. Oxygen uptakes were calculated relative

to that of ammonium chloride on the same soil and all were corrected for water control

MXURE OF AMMO-

SUBSITATE SUDSMATZ A~~~~LON IUM CHLORIDE A"ISUJBSTRATE RI|E ALONE CHSUBSTRATZE

Glycine.... 100 33 129
Arginine.... 100 19 123
Creatine................................ 100 4 110
Urea.... 100 132 127

0.013 to 0.046 M is inhibitory to nitrification by an isolated strain of Nitroso-
monas. Arginine and creatine show no inhibitory effects on ammonia oxidation.
Urea shows a high oxygen uptake, in the absence of added ammonium chloride,
due to its rapid breakdown in soil by urease-containing organisms to ammonia,
which is then oxidized. Clearly urea has no inhibitory effect on the process of
nitrification in soil (see also 27).

5. dl-Methionine and methionine sulfoxide. Among the amino acids studied for
their effects on soil nitrification only dl-methionine has so far been found to have
a highly inhibitory effect on the nitrification of ammonium ions in soil. The
depressing action of cysteine has already been commented upon; the nature of
its effect differs considerably from that of methionine (45, 51, 52). In experi-
ments where the rate of ammonium ion conversion into nitrite, during soil
perfusion, was investigated by means of the addition of potassium chlorate which
retards the development of Nitrobacter, it was found that dl-methionine (0.005
M) completely suppresses ammonia oxidation to nitrite for about 20 days at 21 C.
Only when, eventually, the methionine begins itself to be broken down does
nitrite appear either from ammonium ions or from molecules such as glycine.
Results illustrating these facts have already been quoted (51). No adaptation of
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the nitrifying organism to dl-methionine seems to take place; nitrification is
delayed until the amino acid suffers decomposition.

Methionine sulfoxide appears to be about as effective as methionine in sup-
pressing nitrification. Results illustrating its effect on nitrite formation from
ammonia during perfusion through a soil in the presence of M/1000 sodium chlo-
rate are shown in table 7.
The inhibitory effects of methionine and its sulfoxide take place at such low

concentrations as to rule out the possibility that some decomposition to sulfuric
acid, with consequent fall of pH, might be an explanation.
Turning to the consideration of other specific effects of methionine sulfoxide

on metabolic processes, it is of importance to note the observations (65) on the
action of this substance on the condensation of ammonia with glutamic acid to

TABLE 7
Percentage inhibitions of the rates of nitriftcation of 0.01 M ammonium chloride in the presence

of 0.001 M sodium chlorate by varying concentrations of methionine sulfoxide when
perfused through 30 g soil at 21 C

PEE CENT AMKONIUM ION PME CENT INHIBION
Nmmr=D n; 15 DAYS

0.01 M ammonium chloride 60
0.01 M ammonium chloride and 0.0001 M 56 7
methionine sulfoxide

0.01 M ammonium chloride and 0.0003 M 45 25
methionine sulfoxide

0.01 M ammonium chloride and 0.001 M 34 43
methionine sulfoxide

0.01 M ammonium chloride and 0.003 M 24 60
methionine sulfoxide

form glutamine in animal tissues. In this process methionine sulfoxide appears
to act as a competitive inhibitor and at relatively low concentrations it will
suppress glutamine synthesis.
With Nitrosomonas it is obvious that methionine sulfoxide is exerting a re-

tarding action on a process leading to the proliferation of these cells. A satis-
factory explanation of this effect of methionine sulfoxide would be at once avail-
able if the first process undergone by ammonium ions, in their metabolism by
Nitrosomonas, is a condensation with glutamic acid, already present in the cells,
to glutamine. The inhibitory action of methionine would be due, on this hypoth-
esis, to a preliminary oxidation to methionine sulfoxide, which would be the
effective inhibitor. This hypothesis of the first step in the assimilation of ammonia
by Nitrosomonas being a condensation to glutamine is the subject of an investiga-
tion now being carried out and will be reported upon in due course.

6. Bacterial inhibitors. Many of the common inhibitors of aerobic bacterial
metabolism will retard the process of nitrification in soil. Thus sodium azide
and cyanide are effective inhibitors of nitrification and doubtless the inhibitory
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action of quinhydrone is due to the well known bactericidal effects of quinones
(37).

Sulfanilamide, sulfanilate, sulfamate. These substances were tested for their
effects on the nitrification of ammonium chloride (0.01 M) during soil perfusion.
Representative results are shown in fig. 7.
They show that sulfanilamide (0.005 M) exercises a very powerful inhibition

of nitrate formation in soil, and sodium sulfanilate at the same concentration
exerts a marked effect which is however weaker than that of sulfanilamide. In
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FIG. 7. The influence of some sulfur containing compounds on nitrification in fresh soil.
A. 0.01 M Ammonium chloride.
B. 0.005 M Ammonium chloride and 0.005 M ammonium sulfamate.
C. 0.01 M Ammonium chloride and 0.005M sulfanilic acid (at pH 7).
D. 0.01 M Ammonium chloride and 0.005 M sulfanilamide.
Ordinate: ,ug nitrate-N/ml. Absciasa: Time in days.

both cases the rates of nitrification are constant. Ammonium sulfamate exercises
no appreciable inhibitory action, and sulfamic acid does not seem to undergo
any nitrification itself.

p-Aminosalicylic acid and p-aminobenzoic acid. p-Aminosalicylic acid (0.003
M) exerts a powerful inhibitory action on the nitrification of ammonium chloride
perfused through soil. Definite inhibition can take place at a concentration as
low as 0.0001 M. This effect is largely neutralized by p-aminobenzoic acid.
These effects are shown in the figures quoted in table 8. p-Aminobenzoic acid,
itself, has no inhibitory action on soil nitrification. Its apparent neutralizing
action on the effect of p-aminosalicylic acid may be due to a true competition,
such as occurs with sulfanilamide, or it may act by stimulating the development
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of organisms to break down p-aminosalicylic acid. This is a matter for further
investigation.

Sodium arsenite and sodium arsenate. In connection with work, which will be
described in another paper, on arsenic metabolism in soil, experiments were
carried out to determine the effects of sodium arsenite and sodium arsenate on

TABLE 8
Effects of p-aminosalicylic acid and p-aminobenzoic acid on nitrification in soil of ammonium

ions

sg/ml NITRATE-N FORMXED IN
SUBSTRATE 18 DAYS (IAXIUM FOR AMMO-

NIUM CELORIDE = 140)

0.01 M ammonium chloride 129
0.01 M ammonium chloride and 0.003 M p-aminosalicylic acid 23
0.01 M ammonium chloride and 0.01 M p-aminobenzoic acid 153
0.01 M ammonium chloride, 0.01 M p-aminobenzoic acid, and 120

0.003 M p-aminosalicylic acid
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FIG. 8. The influence of sodium arsenate and arsenite on nitrification in fresh soil
A. 0.01 M Ammonium chloride.
B. 0.01 M Ammonium chloride and 0.0025 M sodium arsenate, at pH 7.
C. 0.01 M Ammonium chloride and 0.0025 M sodium arsenite at pH 7.
Ordinate: pg nitrate-N/ml. Abscissa: Time in days.

soil nitrification. Typical results showing the effects of the addition of M/400
sodium arsenite or sodium arsenate to a soil perfused with 0.01 M ammonium
chloride are given in fig. 8.
The results indicate some toxicity of arsenate and a larger one of arsenite.

With soils enriched with nitrifying organisms, sodium arsenate (M/400) showed
no toxicity whereas sodium arsenite (M/400) exercised about 50% inhibition.
The arsenite, however, is itself fully oxidized to arsenate within four days, so
that the inhibitory effect of arsenite is only observable over this period.
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Metabolism of amines in soil
Amines do not undergo direct nitrification in an enriched nitrifying soil (37)

and a preliminary decomposition by heterotrophs must occur to produce am-
monia which is subsequently nitrified.

Curves showing the rates of nitrification of methylamine and ethylamine in a
fresh soil, and those obtained on reperfusion on the enriched soils, are shown in
fig. 9. It will be seen that, after a preliminary lag on perfusion through a fresh
soil, these amines are nitrified at rates similar to that of the ammonium ion.
Subsequent perfusions show a much diminished lag period with almost constant
rates of nitrification. This indicates enrichment of the soil with amine decompos-
ing organisms as well as with the nitrifying bacteria.
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FIG. 9. The metabolism of simple amines in fresh soil
A 0.01 M Ammonium chloride.
o 0.01 M Ethylamine at pH 7, and result of reperfusion (18-26 days).
* 0.01 M Methylamine at pH 7, and result of reperfusion (18-26 days).
Ordinate: pg nitrate-N/ml. Abscissa: Time in days.

When these amines are tested as possible inhibitors of the nitrification of am-
monium ions, it is found that methylamine has a decided inhibitory action at thee
concentrations used. This confirms the original observation (42) where an in-
hibition of 30% with M/200 methylamine was obtained in experiments on the
respiration of proliferating Nitrosomonas. The results of a few experiments
showing the inhibitory effects of methylamine on the rates of oxygen uptake by
a washed enriched soil in the presence of M/275 ammonium chloride are shown
in fig. 10. It will be noted that linear rates of oxygen uptake are obtained with
each concentration of methylamine tested and this points to methylamine and
ammonium ions coming to an equilibrium in the presence of the oxidizing mech-
anism, i.e., that the methylamine inhibition is of a competitive nature. This is
seen very clearly from the results given in fig. 11 which shows that the percent-
age inhibition of nitrification by methylamine is a logarithmic function of its
concentration. Results given in table 9 show that whereas methylamine shows
little or no increase in oxygen uptake when added to a soil enriched by pre-
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vious perfusions with ethylamine, the addition of ethylamine itself results in a
decided increase in soil respiration. The addition of ethanolamine shows only
a small increase in oxygen uptake. The addition of methylamine to a soil
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FIG. 10. The oxidation of ammonium chloride by enriched soil in the presence of methyl

amine.
A. 1.0 ml 0.01 M ammonium chloride; 1.0 ml water.
B. 1.0 ml 0.01 M ammonium chloride; 1.0 ml 0.033 M methylamine at pH 7.
C. 1.0 ml 0.01 M ammonium chloride; 1.0 ml 0.2 M methylamine at pH 7.
Ordinalt ps extra oxygen uptake. Abscissa. Time in hours.
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FIG. 11. The inhibition of oxidation of ammonium ions in an enriched soil by various
concentrations of neutral methylamine.

Ordinate:- Percentage inhibition. Abscissa: Molarity of methylamine.

already containin ethylamine brings about a suppression of the rate of oxygen
uptake, due, doubtless, to competition with ammonium ions, as has been al-
ready pointed out, or with ethylamine itself. The effect of ethanolamine, on

miigwith ethylamine, is to produce only a small inhibition of the rate of
oxygen uptake.
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The addition of ethylamine to a soil enriched only with nitrifying organisms
(by previous perfusion with ammonium chloride) does not bring about any
increase of the rate of oxygen uptake. This is to be expected for, as has been
pointed out in the discussion of the kinetics of perfusion studies, the amine has
first to be attacked by heterotrophic organisms. Representative results are shown
in table 10. These results also show that ethylamine, in contrast to methylamine,
does not inhibit ammonia oxidation at the concentrations cited.

Ethanolamine, on perfusion through soil, is rapidly nitrified. It is quite ob-
viously attacked by heterotrophs that liberate ammonia which is subsequently

TABLE 9
Oxygen uptakes obtained with 1.6 g washed soil, previously perfused with 0.01 M ethylamine

(neutral), either alone or with neutralized substrates. 4 hours at 87 C

SUIBSTRATES ADDED TO WARBURG FLASK OXYGEN UPTAKE IN #1

2 ml water 134
1 ml water and 1 ml 0.01 M ethylamine 396
1 ml water and 1 ml 0.01 M ethanolamine 185
1 ml 0.01 M ethylamine and 1 ml 0.01 M ethanolamine 383
1 ml water and 1 ml 0.01 M methylamine 125
1 ml 0.01 M methylamine and 1 ml 0.01 M ethylamine 192

TABLE 10
Oxygen uptakes alone and with substrates by 1.6 g washed soil previously perfused with 0.01

M ammonium chloride; S hours at 87 C

SUBSTRATES ADDED TO WARBURO FLASK OXYGEN UPTAKE NN#

2 ml water 90
1 ml water and 1 ml 0.01 M ammonium chloride 164
1 ml water and 1 ml 0.01 M ethylamine 95
1 ml 0.01 M ammonium chloride and 1 ml 0.01 M ethylamine 182

oxidized by nitrifying organisms. The kinetics of the nitrification of ethanol-
amine indicate that ammonia is an intermediate step because a soil, enriched with
ethanolamine oxidizing organisms oxidizes ammonium chloride at a constant
rate without an initial lag. A few manometric experiments were carried out with
soils enriched by previous perfusion with ethanolamine oxidizing organisms and
typical results are shown in table 11. It will be seen that the addition of ethanol-
amine secures a large increase in the rate of oxygen uptake. The addition of
ethylamine shows no increase in the respiratory rate of the soil and ethylamine
only reduces the rate of oxygen uptake due to ethanolamine by about 20%.
The results given in tables 9 and 11 show that the organisms that develop in

response to the perfusion of ethylamine can attack this substance but only feebly
oxidize ethanolamine, whereas those that develop in response to the perfusion
of ethanolamine can attack this amine but they cannot oxidize ethylamine.
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Discussion
It is of interest to list the effects on ammonia oxidation of the various metabo-

lites that have been investigated. The results were obtained by studying the
rates of oxygen uptake shown by soils enriched with nitrifying organiMs through
previous perfusions with solutions of ammonium chloride. Such a list is shown
in table 12 where + indicates that inhibition takes place.

TABLE 11
Oxygen uptakes either alone or with substrates at pH 7 by 1.5 g washed soil, previously perfused

with 0.01 M ethanolamine (neutral); 2.5 hours at 87 C

SUBSTRATES ADDED TO WABBXUR 1LAS OXYGEN MPTAKE DN g1

2 m. water 222
1 ml water and 1 ml 0.02 M ethanolamine 481
1 ml water and 1 ml 0.02 M ethylamine 194
1 ml 0.02 M ethanolamine and 1 ml 0.02 M ethylamine 399

TABLE 12

INHMIBION OF REMATIONSUBSTANCESINVESTIGATED OF ZNRICEEZD SOIL IN THE PRES-zNCE Or NH4CI

Methylamine..................................................+
Ethylamine...................................................0
Ethanolamine.................................................O
Ethyl urethane......................................+
N-Methyl urethane......................................+
Guanidine. +
N-Methylguanidine. +
Arginine .0
Creatine......................................................0
Glycine. 0
Methioninesulfoxide. +
Urea. 0
Acetamide .0
Thiourea......................................................+

If we compare structures of the inhibitory urethanes, guanidines, and thiourea,
i.e.,

NH2 NHCH3 NH2 NHCHs NH2

0 0 CNH CNH Cs
C2H C2H NH2 NH2 NH2

it will be seen that the structure in common has the form R*NH*C*OR' or
R*NH*C*NH2. On the other hand urea NH2*CO*NH2 is without inhibitory
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NH
action, and both arginine COOH* CHNH2* (CH2)38NH.C NH2 and creatine

NH
COOH-CH2-NCH3aC6NH2 are without effect. The amide linkage per se is
also ineffective. It is obviously desirable to explore the effects of a variety of
other molecules with a structure common to the urethanes, guanidines, and
thioureas to discover the precise chemical and physical factors that are involved
in the suppression of ammonia oxidation by Nitrosomonas. It seems likely that
the affinity of the N atom in the structure R *NH *C= for the ammonia oxidiz-
ing enzyme is primarily involved.
The highly inhibitory effects of methionine and methionine sulfoxide seem to

belong to a different category from that mentioned above, and may perhaps be
best explained on the hypothesis of competition for the enzyme that brings
about the condensation of ammonia and glutamic acid to glutamine.
The suppressing action of p-aminosalicylic acid on nitrification seems again to

belong to a different class of inhibitions, for the effects of p-aminosalicylic acid
are obviously much less specific than those already discussed. The reversing
action of p-aminobenzoic acid indicates that p-aminosalicylic acid belongs to a
class of inhibitors to which sulfanilamide belongs, or that, as has been mentioned
in the text, the growth of organisms, which can rapidly break down p-amino-
salicylic acid, is stimulated by the presence of p-aminobenzoic acid.

It may also be fitting to summarize the knowledge that has been gained from
our perfusion studies and manometric studies with enriched soils concerning the
important question of the influence of organic matter on the process of nitri-
fication.

Firstly it has been found that when glycine and arginine are added to a soil
enriched with ammonia oxidizing organisms, they show increased oxygen uptakes
which are completely additive to that due to the ammonium chloride. They are
not therefore inhibitors of ammonia oxidation by Nitrosomonas.

Secondly, consideration must be given to the behavior of soils that become
enriched with a variety of organisms through the perfusion with nitrogenous
molecules. The general picture of these nitrifications is that of an initial slow
rate of nitrate production followed by a more rapid rate which remains constant
and at about the same value as that obtained when ammonium chloride is per-
fused through a soil enriched with nitrifying organisms. The initial low rates of
nitrate formation are due doubtless to the preferential utilization of liberated
ammonia by developing heterotrophs. As soon as the rate of growth of the
heterotrophs falls, liberated ammonia becomes available for the nitrifying or-
ganisms which now develop at a normal speed. This may occur at a time when
analysis shows that there is a considerable quantity of organic matter still left
in solution. The latter is gradually oxidized by the resting heterotrophic popula-
tion to ammonia.
Thus it may be concluded that organic matter does not, itself, influence the

rate of nitrification except in so far as its nitrogen is diverted initially to the
growth of heterotrophs. This is confirmed by our investigations of the metabolism
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in soil of amino acids, amines, urethane and the sodium salts of organic acids,
and of the effects of these substances on the course of nitrification of ammonium
salts. A similar conclusion has been drawn recently (34) in a brief review of the
question.
On the other hand, as has been emphasized, many organic molecules, e.g.,

methionine, methionine sulfoxide, urethanes and guanidines, exercise large but
specific effects on the process of nitrification. Investigation of these should throw
light on the mechanism of ammonia metabolism in Nitrosomonas.
Another fact that emerges from these studies is that the combination of per-

fusion and manometric studies on enriched soils makes it possible to study the
mutual effects of organic molecules on the metabolism of organisms that have
developed in soil as a response to the presence of these molecules. A number of
interesting results emerge, as for example the fact that organisms that develop
in response to the presence of ethylamine cannot oxidize ethanolamine and those
that develop in response to the presence of ethanolamine cannot oxidize ethyl-
amine. It is clear that the technique lends itself to the study of the development
of organisms having highly specific metabolic relationships to the substrates
perfused.

Summary of Part I
1. The rate of nitrate formation on perfusing ammonium chloride or sulfate

through fresh soil at 21 C under optimal aeration conditions obeys the relation-
Bhip:

log y = Kt + K'

where y = concentration of nitrate formed and K and K' are constants. This
equation may be derived on the assumption that nitrification, during soil per-
fusion, is due to the metabolism of proliferating organisms.

2. After several perfusions of a soil with ammonium ions, a condition of bac-
terial saturation of the soil develops, when the rate of nitrification becomes, and
remains, a constant. Such a soil behaves essentially as a system of non-proliferat-
ing but actively metabolizing cells.

3. The effects of changes of hydrogen ion concentration and buffering condi-
tions in soil on the kinetics of nitrification are discussed. It is shown that the
addition of chalk, or bicarbonate, improves nitrification on a poorly buffered, or
acid, soil. The presence of sodium salts of organic acids, such as acetic, pyruvic,
or succinic, increases the rate of nitrification in such a soil by giving rise to bi-
carbonate. The presence of glucose, or glycerol, on the other hand does not en-
hance the rate of nitrification, and may diminish the rate and the yield of nitrate
formed, by diverting nitrogen from the nitrifiers to the heterotrophs proliferating
at the expense of easily assimilable carbon.

4. The rate of nitrification of an amino acid, such as glycine, may exceed that
of an equivalent concentration of ammonium ions in soil at a slightly acid pH
[6.5] owing to the fact that the fall in pH due to amino acid oxidation is smaller
than that due to the oxidation of ammonium salts of mineral acids.
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5. The presence of organic matter in the form of amino acids, with the excep-
tion of cysteine and methionine, is no hindrance to the process of nitrification of
ammonium ions in soil. The small retarding action of cysteine is due to the fall
in pH consequent on sulfuric acid formation following oxidation of the amino
acid. The inhibitory action of dl-methionine far exceeds that of cysteine and is
not explicable by a fall of pH.

6. Soils, enriched or saturated with nitrifying organisms, may be studied with
the conventional Warburg manometric technique. It is shown that almost the
theoretical quantity of oxygen for the oxidation of NH' to NO-, is taken up
by such a soil in the presence of ammonium ions. The effects of a variety of sub-
stances on the rate of nitrification of ammonium ions in soil have been investi-
gated with both the perfusion and manometric techniques.

7. Ethyl urethane at low concentrations (M/1000) greatly inhibits nitrate
formation from ammonium ions on perfusion through a fresh soil. It has rela-
tively little effect at such concentrations on nitrate formation from ammonium
ions in a soil saturated with nitrifying organisms when examined manometrically;
but at a concentration of M/275, it inhibits by 50% the rate of ammonium ion
oxidation. Ethyl urethane, at low concentrations, interferes with some aspect of
ammonia metabolism essential for the development of Nitrosomonas.
N-Methyl urethane suppresses ammonium ion oxidation by saturated soil at

a concentration of M/125. Acetamide is without effect at this concentration.
8. Guanidine at low concentrations inhibits nitrification of ammonium ions

in soil. Some evidence has been obtained that the nitrifying organisms are capable
of adapting themselves to the toxic action of guanidine. Both guanidine and N-
methyl guanidine (M/275) markedly inhibit oxygen uptake by enriched nitrify-
ing soil in the presence of ammonium ions.

9. Thiourea and thiosinamine are powerful inhibitors of the nitrification of
ammonium ions in soil. There is no evidence of adaptation of the nitrifying
organisms to these substances.

10. Methionine sulfoxide resembles dl-methionine in its inhibitory effects on
the process of nitrification of ammonium ions. It is suggested in view of the highly
inhibitory effects of these amino acids that an important step in the assimilation
of ammonia by Nitrosomonas is its conversion to glutamine, a process known to
be retarded by methionine sulfoxide. No adaptation of the nitrifying organisms
to the toxic action of methionine or its sulfoxide seems to occur.

11. Sulfanilamide has a highly inhibitory effect on the proliferation of the
nitrifying organisms. Sodium sulfanilate has a weaker effect, and ammonium
sulfamate is without action. Sulfamic acid is not nitrified.

12. p-Aminosalicylic acid is highly inhibitory to soil nitrification, its retarding
effect being largely neutralized by the presence of p-aminobenzoic acid.

13. Sodium arsenite (M/400) inhibits soil nitrification, whereas arsenate has
relatively little effect. Arsenite is oxidized in soil to arsenate.

14. Amines (methylamine, ethylamine, ethanolamine) are nitrified in soil after
preliminary conversion to ammonium ions. Methylamine inhibits nitrification
of ammonium ions, the inhibition being a logarithmic function of the concentra-
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tion. Organisms that develop in soil in response to the perfusion of ethylamine
can oxidize this amine but can only feebly oxidize ethanolamine; organisms that
develop in response to the perfusion of ethanolamine attack this amine but they
cannot oxidize ethylamine.

PART II. NITRITE OXIDATION IN SOIL

Since the isolation of nitrifying organisms (69), there has been but little in-
vestigation of the process of nitrite oxidation in soil. The properties of proliferat-
ing Nitrobacter were investigated (42) and it was shown that this organism
oxidized nitrite to nitrate almost quantitatively, a fact which was confirmed by
manometric studies on the isolated growing cells. The action of a variety of
organic molecules on the respiration of Nitrobacter was also investigated and
the optimal substrate concentration determined. Subsequently, the study of
the kinetics of nitrite oxidation in soil was left almost alone until the advent of
the perfusion technique. With this method the oxidation of nitrite in soil was
followed (37) and the fact that increasing concentrations gave rise to increasing
lag periods before nitrite metabolism commenced was established. It was shown
(36) that addition of potassium chlorate to a solution of ammonium chloride,
perfusing through soil, resulted in the almost exclusive formation of nitrite,
there being no apparent change in the amount of chlorate present. The bacterio-
static action of chlorate on Nitrobacter disappeared in time, there being an
adaptation to chlorate. Furthermore, increase of nitrate concentration, by initial
addition of nitrate ions, reduced the toxic effect of chlorate on Nitrobacter. It
was clear that chlorate, at the low concentrations that inhibited proliferation of
Nitrobacter, had little effect on the oxidation of nitrite by these cells; for at such
concentrations the formation of nitrate from nitrite by a soil enriched with nitrite
oxidizing organisms was not impaired.

Field experiments (44), carried out with chlorate administration at the rate
of 500 lbs per acre, showed a rather general bacteriostatic action of this substance.
However 500 lbs/acre corresponds roughly to 0.04 g/sq inch and this to a con-
centration of M/150 chlorate in the top 6 inches of the soil assuming 50% mois-
ture content, whereas the previous results were obtained with M/10,000 chlorate
or about 0.002 g chlorate in 200 ml perfusate. Higher concentrations of chlorate
exert marked inhibitory effects on Nitrobacter metabolism and the field results
quoted are not unexpected.
A more detailed study of the kinetics of the proliferation of Nitrobacter, and

of its oxidizing action on nitrite in soil has now been carried out and the details
will be given in the following pages. Data will also be given to show the effects of
a number of specific inhibitors, including nitrourea and chloromycetin, on the
process of nitrite oxidation in the soil.

Methods. Estimations were made of the rates of appearance or disappearance
of nitrite in the perfusion fluid. Nitrite was estimated as described in Part I.

Results
Metabolism of sodium nitrite in soil. When nitrite is perfused through soil

under aerobic conditions and in the absence of added organic matter, it disap-
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pears while giving rise to an equivalent concentration of nitrate. A typical result,
wherein 97% of the theoretical quantity of nitrate resulted, is given in table 13.
A correction has been applied for the normal amount of nitrate nitrogen present
in perfusates after 15 days.
The oxidation of nitrite to nitrate is accomplished, in these perfusion experi-

ments, by biological means. This follows from the facts that, at high initial
concentration of nitrite, no change of concentration can be detected for very
lengthy periods, and that the presence of chlorate at low concentrations will
almost completely suppress the oxidation of nitrite in soil.

TABLE 13
Conversion of nitrite into nitrate during soil perfusion. Substrate perfused over 80 g soil at

21 C for 16 days until no nitrite left

SUBSTRATZ NITRITE-NMOGZN ADDED NIRATE-NITROGEN APPER

Water Nil 14 ;&g/ml
M/100 Sodium nitrite 140 ;&g/ml 150 jsg/ml

10 N

60

40 GoA B C \D

20

0 4 8 12

FIG. 12. The metabolism of sodium nitrite at various concentrations in fresh soil. A,
0.0025 M; B, 0.005 M; C, 0.01 M; D, 0.02 M.

Ordinate: Percentage nitrite remaining. Abscissa: Time in days.

Variation of rates of nitrite oxidation in soil with concentration. In all experiments
using sodium nitrite solution as the perfusing fluid, a column of 30 g air-dried,
crumbed and sieved, soil (2 to4mm crumbs) is used, the volume of perfusing fluid
being 200 ml. Temperature is maintained at 21 C and experiments are run in the
dark. The pH of the perfusing fluid is always 7.2 except when otherwise stated.
When sodium nitrite is perfused through a freshly dried crumbed soil, a lag

period occurs which is followed by a rapid disappearance of the nitrite. The ex-
tent of the lag period increases with the initial concentration of the nitrite.

Results showing the variation of the rates of disappearance of nitrite with
time are given in fig. 12. A family of exponential curves is obtained, each of which
is characterized by initial delays which vary, in these perfusion experiments,
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from one day, with an initial concentration of M/400 sodium nitrite, to six days
with M/50 in the perfusate.
On plotting these curves logarithmically, i.e., log c (where c is the amount of

nitrite oxidized) against time, a series of parallel straight lines is obtained, as
shown in fig. 13.

Interpretation of the Kinetics of Nitrite Metabolism in Soil

It will be useful, at this stage, to give an analysis which will help in the under-
nding of the significance of the curves given in figs. 12 and 13.

i/ S/

0

0.5
3 6 9 12

FIG. 13. The logarithmic relationship between the amount of nitrite oxidized and time.
A,0.0025M;B,0.005M; C,0.01M;D,0.02M.

Ordinate: log c. Abecissa: Time in days.

Let N be the number of viable organisms in the soil at any time, capable of
nitrite metabolism. Then the proliferation rate is given by the expression:

dN = KN, where K = proliferation constant.dt

Integration gives:

Nolog NN = Kt

where No is the number of viable organisms at zero time and N is the number at
time t.

Let p = mean metabolic activity per viable cell, so that
pN = rate of metabolism for N viable cells.

If p remains constant during the proliferation period

then log pN = Kt

and log pN = Kt + log pNo
If x = metabolic rate at time t, then x = pN and log x = Kt + log pNG

Now the experimental time T is made up of two components, t and L;
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t = time of proliferation of No organism to N, and
L = lag period, during which no proliferation takes place and which, for a

reason to be discussed below, is necessary before the nitrite-metabolizing or-
ganisms commence their growth.

Then T = t + L, so that
log x = K(T - L) + log pNo

= KT + logpNo - KL
= KT + A, where A = log pNo-KL [3]

Since the metabolic rate, or gradient of the curves in fig. 12, is a quantity which
is difficult to estimate accurately, the above analysis has been carried a stage
further. The expression given above

log (pNi Kt
g pNo)

may be written as

pN = pNoe~t
Now pN is a measure of the metabolic activity and hence is a measure of the
rate of change of the amount of nitrite oxidized, c. Therefore,

dcpN= d

and = pNot

C = e + IVK'

Since c = 0, when t = 0

c = PNo(Kt 1)K

It has been found in practice that eit is large compared with unity and the above
expression approximates to

p~ tc= JK

If c' = total amount of nitrite perfused

___c = percentage nitrite oxidized

log 1,O) = Kt + constant

which is the form followed in fig. 13.



1951] NITRIFICATION IN SOI 35

The linear relationship between log x and T, as required by equation 3, is
reflected in the results given in fig. 13. These results also show the important fact
that K, the proliferation constant, reais unaltered for the family of curves
and hence is independent of the initial concentration of sodium nitrite perfused
through the soil. The constant A varies, however, according to this concentration.
Now it is clear that the spacing of the curves, as shown in fig. 13, is dependent

upon A and therefore upon the two variables No and L, the value of each of
which may depend upon the initial concentration of sodium nitrite. The value of
L may, in fact, be zero, but equation 3 will still yield a family of curves as shown
in fig. 13, so long as No varies with the initial concentration of nitrite present
in the soil. The toxicity of nitrite to cell growth and enzymic mechanisms in
the cell is a well known phenomenon (54, 56) and as a lethal substance it would
be expected to reduce the number of viable organisms, including Nitrobacter, in
the soil. It is known (42) that for Nitrobacter there is an optimal concentration
of nitrite for growth. The increasing time lag with increasing concentration of
nitrite in the perfusing fluid is presumably due, in the first instance, to the
toxicity of nitrite to the nitrite-metabolizing organism and it would be expected,
therefore, that No would diminish as the initial concentration of nitrite is in-
creased. The problem arises, however, as to whether the apparent proliferation
constant, K, would remain unaltered for various initial concentrations of nitrite.
The following brief analysis shows that this should not be the case.
We may expect that during the exposure of the organisms to the nitrite, the

rate of dying off of the cells will be expressed by the relation

dN K'N, where K' is a constant.

Combining this with the proliferation equation, we obtain

dN (K-K')

and log x (K - K')t + log pNo
We may expect from the behavior of antiseptics at varying concentrations

that K' would be related to the concentration of the lethal substance according
to the equation2

K' - K" Cu

where K" and n are constants and C = concentration.

Therefore, log x = (K - K"Cn)t + log pNo [4]

Now equation 4 would not give a series of parallel straight lines, as shown in
fig. 13, as the expression K - K"Cn is a function of the concentration of nitrite.
But since results in fig. 13 show that the relationship between log x and t is
2See Gay et al. "Agents of Disease and Host Resistance", C. C. Thomas (1935) p. 221;

and "Topley and Wilson's Principles of Bacteriology and Immunity" by A. S. Wilson and
A. A. Miles, 3d ed. (1946) Vol. 1, Chapt. 5. Arnold.
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linear and the gradient is constant and independent of C, it follows that the
relation given above cannot be operating during the proliferation period. The
conclusion is that the nitrite metabolizing organisms, after exposure to the nitrite,
have become resistant to its lethal effects. Two possibilities arise: (a) a mutant,
or resistant strain immune to the toxic action of nitrite has developed or (b)
the nitrite metabolizing cells have developed mechanisms which enable them to
withstand the toxic action of nitrite at the concentrations under investigation,
i.e., adaptation to the toxic substrate has taken place. The results given in figs.
12 and 13 are not sufficient to make it possible to judge between these two possi-
bilities. Both hypotheses would yield the same mathematical results, for accord-
ing to the first possibility the effect of the nitrite is to reduce No (in equation 3)
to the values of the numbers of mutant or resistant strains present, and according
to the second possibility the effect of the nitrite is to increase the lag period, L,
which would be the time required for the cells to become adapted to the toxic
concentration of nitrite.

Bacterial Enrichment of the Soil
Results already secured (37, 51) have shown that during the nitrification of

ammonium ions by soil, where the metabolite NH' is held in base exchange, a
process of bacterial enrichment, and ultimately of saturation, takes place during
continued perfusions through the soil. At the stage of bacterial saturation of the
soil where all proliferation sites appear to be taken up, the soil accomplishes the
oxidation of ammonium ions to nitrate at a constant rate with no initial time lag.
The same phenomenon obtains during nitrite perfusion through the soil. When
nitrite at a given concentration is perfused through soil until complete metabo-
11am has occurred, the process being repeated several times with intervening
washings, a condition of bacterial saturation ultimately obtains. At this stage
the soil metabolizes nitrite at a constant rate with no initial time lag.

Experiments have been carried out to produce a number of soils, saturated
with nitrite-oxidizing organisms by perfusion with sodium nitrite at different
initial concentrations. The objective has been to discover how the metabolic
activity of a saturated soil varies with the initial concentration of nitrite used
for enrichment.

For these experiments soils were reperfused with sodium nitrite solution at a
constant initial concentration as many as twenty times, extending over possibly
three months, until it was certain that there was little or no further increase in
activity of the soils as measured by their abilities to metabolize nitrite. Figure
14 shows a plot of the results obtained at seven different nitrite concentrations
between M/25 and M/400. The results show that the metabolic activity of the
saturated soil, expressed as the number of ml of M/400 sodium nitrite oxidized
per hour per gram soil, varies in an approximately linear manner with the con-
centration of sodium nitrite with which the soil has been enriched with nitrite
oxidizing organisms. It is concluded that the metabolic activity of a soil, at
saturation, is a function (possibly linear) of the initial perfusing concentration of
this substrate.
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The question now arises as to whether the increase of metabolic activity of the
saturated soil with increase of initial nitrite concentration is due (a) to an increase
in the number of organisms, each having approximately the same metabolic
activity per cell or (b) to an increase in the metabolic activity per cell, due to
exposure to the higher initial concentration of substrate.

It is difficult to answer this question decisively owing to lack of a reliable
method whereby the number of nitrite metabolizing cells in the soil can be
estimated accurately. If, however, the assumption be made that bacterial satura-
tion of a soil is due to occupancy of a limited number of sites on the soil crumb
surfaces, and evidence for this has been given in the studies of nitrification of
ammonium ions in soil (37), it would follow that soils, saturated with nitrite-
metabolizing cells, would possess approximately the same number of such cells

2.0 *

t.0

0 0.01 0.02 0.03 0.04

FIG. 14. The relationship between the metabolic activity of a saturated soil and the
concentration of sodium nitrite used for enrichment.

Ordinate: ml 0.0025 M sodium nitrite oxidized per hour per gm soil. Abscissa: Molarity
of nitrite perfused.

whatever the initial perfusing concentration of nitrite. It would be difficult,
otherwise, to understand why a soil attains a constant metabolic rate whatever
the number of perfusions and reperfusions of the substrate. It is to be remembered
that a soil, after each perfusion and complete metabolism of substrate, is washed
before it is reperfused so that toxic byproducts which might hinder the rate of
growth are washed away. Moreover the cell growth takes place almost exclusively
at the soil crumb surfaces, little or no cell development being seen in the perfusate.
The simplest and most reasonable view is that cell growth ceases, or that a
dynamic equilibrium between the proliferating and non-proliferating cells is
set up, when the soil holds a limited and constant number of nitrite metabolizing
organisms. If this view is correct it must be concluded that the metabolic activity
per cell is increased in response to the exposure to a higher initial concentration
of nitrite.

Metabolic activity per cell. It is to be noted that in the derivation of equation
3, it is assumed that p, which is the mean metabolic activity per viable cell, is a
constant during proliferation. The fact that the experimental results are approxi-
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mately in accordance with the equation gives support to this assumption. On
the other hand, it has just been shown that the mean metabolic activity per cell
is increased in response to the exposure to an increased initial concentration of
nitrite. It is to be concluded, therefore, that this increase of metabolic activity
per cell is present in the cells before proliferation commences. This would be
expected (a) if a resistant strain, having the increased metabolic activity pro-
liferates selectively or (b) if the change in metabolic rate takes place only during
the lag period before proliferation commences.

Properties of Soils Saturated with Nitrite Metabolizing Cells

It was considered that further study of the properties of soils, saturated with
the nitrite metabolizing cells, would throw more light on this problem and might
help to settle the question as to whether a true adaptation takes place or whether
selection of a resistant, or mutant, strain obtains. It has already been shown in
a preceding section that adaptation of Nitrosomonas to a toxic substance such as
guanidine can occur and there is no doubt that adaptation of Nitrobacter to
chlorate takes place.
The problem of adaptation of microorganisms to toxic substance has been ex-

tensively studied by Hinshelwood and his colleagues (26). To test the view that
adaptation may occur during a lag period when growth does not take place,
Hinshelwood has considered enzyme kinetics, growth rates, duration of lag
periods, serial subculture and reversion, effects of various nutrients, pH, concen-
tration of toxic agents, etc. He has been able to make several mathematical de-
ductions which when evaluated have given a single expression for families
of curves with considerable accuracy. On the other hand it is evident that a
great many of the experimental facts may well be explained on a selection
hypothesis, and in any case it is sure that, once cells have become better adapted
than others to proliferate in a certain medium, selection must immediately exercise
an important influence.

It would be of importance to the general problem of adaptation if it can be
shown that, during the growth of nitrite oxidizing cells in soil, a process of adap-
tation to the toxic substrate takes place and that during the lag periods, earlier
described, the adaptive mechanisms operate.
For experiment, soils were enriched and finally saturated with nitrite-oxidizing

organisms by continued perfusion and reperfusion with four different initial
concentrations of sodium nitrite. It has already been shown that it is reasonable
to assume that for saturated soils the number of nitrite-oxidizing cells held by
the soil is a constant and independent of the metabolic activity of the cells.
This assumption is based on the constancy of rates of reaction after saturation
is reached. Thus the soils saturated after perfusion with the four different con-
centrations would all have the same numbers of nitrite oxidizing cells but with
varying metabolic activities. Concentrations of M/400, M/200, M/100, M/50
sodium nitrite solution were used to enrich the soils and their metabolic ac-
tivities were measured. These saturated soils, giving constant rates of nitrite
oxidation, were then perfused with concentrations of sodium nitrite different
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from those used to bring about enrichment and final saturation. Thus a soil,
enriched with a perfusing concentration of M/400 sodium nitrite, was perfused
with a much higher concentration of nitrite, e.g., M/100 and the subsequent
metabolic rate, at the first perfusion, was noted. It was then perfused again with
a different initial concentration of nitrite and the subsequent metabolic rate at
the second perfusion was noted. The objective was to discover whether the
organisms, proliferating at a concentration of nitrite of say M/400, would be
able to metabolize a higher concentration, say M/100, without any initial lag,
although, as shown in figs. 12 and 13 the initial lags with these different initial
concentrations of nitrite on a fresh soil vary widely.
The results are shown in table 14 and the following conclusions may be drawn

from them.

TABLE 14

Rates of nitrite oxidation by saturated soils subsequently perfused with various concentrations
of sodium nitrite

ENRICHING
AT FIRST SUBSE- RT*AT SECOND SUB- RATE* AT DZAYSBEFORXNXICE[ING THIS CONCEN- QUENT CONCEN- RATE* ATTHIS SEQUENT CON- THIS CONCEN- DAYBOZ

CONCENTRATION TAIN RTON CONCENTRATION CZTAIN TAIN
OXIDATION

M/400 0.059 M/200 0.056 M/50 Lag 1
M/400 0.056 M/100 0.059 M/25 Lag 3
M/200 0.080 M/100 0.070 M/40 Lag 0.75
M/200 0.088 M/50 Lag M/25 Lag 1.5
M/100 0.074 M/50 0.081 M/25 0.070 <1
M/100 0.066 M/200 0.055 M/40 0.069 < 1

M/50 0.148 M/200 0.130 M/25 0.105 <1
M/50 0.136 M/100 0.117 M/25 0.110 <1

* Rate expressed as ml M NaNO2 oxidized per hour per 30 g soil.
** The normal delay in the fresh soil, prior to any perfusions, with initial concentra-

tions of M/25 to M/50 NaNO2 is greater than 15 days.

(a) A soil enriched at a given initial concentration of sodium nitrite can
metabolize any lower concentration of nitrite without any initial lag period and
will do so at a rate almost identical with that with which it metabolizes the sub-
strate at the enriching concentration.

(b) A soil enriched at a given initial concentration of sodium nitrite can me-
tabolize concentrations of nitrite up to four times that used for enrichment with
an unaltered rate, but higher concentrations are metabolized at lower rates or
with initial lag periods.

(c) Whenever a lag occurs in the case of a saturated soil metabolizing nitrite
at a concentration appreciably higher than the enriching concentration, the
duration of the lag period is far smaller than that obtained when the higher
concentration is perfused for the first time over a fresh soil. Moreover, the sum
of the original lag period and the second one induced by the higher concentra-
tion of nitrite perfused through the saturated soil, is much less than that result-
ing from the perfusion of the higher concentration over a fresh soil. Indeed, the
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usual result of perfusing a higher concentration of nitrite over a soil saturated
at a lower one is to produce a small diminution of metabolic activity rather than
a lag period.
These results are in harmony with the view that, as a result of an adaptive

process taking place during the lag period, the nitrite oxidizing cell acquires an
increased concentration of a nitrite-oxidizing enzyme system. The increase is
such as to enable the soil to oxidize nitrite, both at the enriching, and at con-
siderably higher, concentrations, at the same rate and without any appreciable
initial delay. It is evident that, once the soil is saturated at a given concentration
of nitrite, no increased metabolic activity is immediately shown by subsequent
perfusions of nitrite at higher concentrations. Increased metabolic activity is
only secured by the higher concentrations of nitrite when lengthy initial delays
are obtained, as shown in figs. 12, 13 and 14.
The most satisfactory explanation would be that, during the lag period, a

process of adaptation takes place in a nitrite-oxidizing cell whereby it acquires
the ability to proliferate in the presence of the given concentration of sodium
nitrite, at the same time acquiring an increased concentration of a nitrite-oxi-
dizing enzyme system. This cell now proliferates, to the exclusion of less favor-
ably endowed cells, until it saturates the soil.

It may be questioned whether the endowment of the cell with an increased
ability to oxidize nitrite is, in itself, sufficient to explain its ability to proliferate
ultimately in the presence of the higher concentrations of the substrate. It is
difficult to see why this should be so, unless the increased energy received by the
cell through its higher rate of oxidation of nitrite enables it to withstand the
toxic action of higher concentrations of nitrite. For example, if the toxic action
of nitrite were due to an inactivating action on some key constituent of the cell
(say for instance, adenosine triphosphate), the increased rate of oxidation of
nitrite might result in an increased rate of synthesis of this constituent, sufficient
to compensate for its rate of immobilization by the nitrite and thus allow pro-
liferation to take place normally.
An alternative explanation to adaptation, i.e., selection and growth of a

resistant strain already present in the soil, suffers from the fact that the assump-
tion would have to be made that many such strains exist normally in the soil,
each capable of proliferation at different concentrations of nitrite and each
possessing correspondingly different powers of oxidizing nitrite. There is no
proof, of course, that this is not the case, but it is easier to understand the
general phenomenon as a process of adaptation than to explain it on the basis of
the normal existence in soil of a multitude of variously resistant strains. The facts
presented here, however, do not make it possible to decide between the two
points of view.

Effects of perfusion of a soil with ammonium ions on its ability to metabolize
nitrite. As it is an accepted fact that, during the conversion in soil of ammonium
ions into nitrite, organisms that convert ammonium ions into nitrite and or-
ganisms that convert nitrite into nitrate arise, it would follow that perfusions of
a soil with ammonium ions should bring about its enrichment with nitrite oxi-
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dizing organisms. This can be tested by perfusing a soil, first with ammonium
ions until the maximum rate of nitrate formation is obtained, and then with
sodium nitrite. There should result a considerable diminution of the lag period
which is normally obtained when sodium nitrite is perfused over a fresh soil.

Typical results are given in fig. 15 where it will be seen that the normal lag
period on perfusing M/100 NaNO2 solution over a fresh soil is greatly reduced
when this concentration of nitrite is perfused through a soil previously enriched
with nitrifying organiss by perfusion of M/100 ammonium ions. These results
give additional evidence that enrichment of a soil with Nitrosomonas, after
treatment with ammonium ions, entails enrichment also with Nitrobacter.
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FIG. 15. The effect of prior perfusion of 0.01 M ammonium chloride on the metabolism
of sodium nitrite in soil.

A. 0.01 M sodium nitrite perfused through fresh soil.
B. 0.01 M sodium nitrite perfused through soil previously treated with 0.01 M ammo-

nium chloride.
Ordinate: Percentage nitrite remaining. Abscissa: Time in days.

The converse experiment, i.e., that of perfusing ammonium ions over a soil
enriched with nitrite oxidizing organs, indicates that such a soil shows no
greater ability than a fresh soil to oxidize ammonium ions. It follows, as would
be expected, that enrichment of a soil with Nitrobacter does not entail enrich-
ment with Nitrosomonas.

Effects of dl-Ornithine and 1-Arginine on Nitrite Metabolism in Soil
As we have previously shown (51), the presence of a-amino acids tends to

retard the rate of disappearance of admixed nitrite (M/100), when perfused
through soil, probably by giving rise, themselves, to nitrite. It was shown that
the retardation by glycine, dl-alanine, sodium dl-aspartate or sodium i-glutamate,
each at a concentration of M/100, is small. Cysteine produces a greater retardas-
tion, but dl-methionine has a highly inhibitory effect on nitrite utilization. After
about ten days perfusion, however, nitrite metabolism takes place even in pres-
ence of dl-methionine which has not yet broken down to nitrite.

Arginine presents an anomalous case. When I-arginine (M/200) is mixed with
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sodium nitrite (M/200), and the mixture is perfused through soil, the nitrite,
instead of disappearing, gradually increases in quantity. After a preliminary lag,
the nitrite concentration reaches a peak of nearly 200 .ugN (as nitrite) per ml and
subsequently decreases at a rapid rate. The whole process takes nearly 24 days.
Typical results illustrative of the phenomenon are shown in fig. 16. The curves
show the normal rate of metabolism of M/200 sodium nitrite on perfusion through
30 g soil, the small accumulation of nitrite and its rate of disappearance on per-
fusion of M/200 arginine alone, and the extraordinary rate of nitrite accumula-
tion when a mixture of nitrite and arginine is perfused through the soil.
The unique behavior of l-arginine is in all probability due to the gradual

liberation of urea which, by raising the local pH when hydrolyzed to ammonium
210
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FIG. 16. The influence of arginine on nitrite oxidation in fresh soil
0 0.005 M sodium nitrite perfused.
A 0.005 M arginine (neutral) perfused.
* 0.005 M sodium nitrite and 0.005 M arginine perfused.
Ordinate: ug nitrite-N/ml. Abscissa: Time in days.

carbonate, not only facilitates the conversion of ammonium ions to nitrite, the
optimum pH for which is 8.6 but, by contributing ammonium ions at a high
pH, brings about an inhibition of nitrite oxidation. Thus, Meyerhof (42) has
shown that M/1,000 ammonium ions at pH 9.4 inhibit the oxidation of nitrite
by Nitrobacter by 55%.

This explanation may be tested by perfusing through soil mixtures of ornithine
and nitrite, urea and nitrite, and ornithine, urea and nitrite, and comparing the
rates of nitrite appearance with that obtained on perfusing a mixture of arginine
and nitrite. The results of such an experiment are shown in table 15.

It will be seen that ornithine alone gives rise to little nitrite in the course of
its metabolism in soil. In this matter, it resembles ammonium ions. Addition of
sodium nitrite causes no accumulation of nitrite from the ornithine although it is
probable that the production of nitrite and its disappearance are proceeding at
the same rates (compare 51). When urea is perfused there is a definite production
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of nitrite, probably because of the alkalinity and high concentration of am-
monium ions developed on hydrolysis of urea to ammonium carbonate. When
urea and sodium nitrite are perfused together the maximum net increase in
nitrite concentration is not as great as with urea alone. Possibly the rate of for-
mation of nitrite from the urea remains the same but metabolism of the added
nitrite is taking place and this will have the effect of reducing the maximum
value of nitrite formation. Simultaneous perfusion of urea and ornithine gives a
maximum which is greater than the sum of the two individual maxima, but the
addition of nitrite raises the maximum to the same extent as it raises that of
urea alone.
When ornithine and urea are replaced by arginine the maximum is lowered

and, in fact, is less than that given by urea alone. However, perfusion of arginine

TABLE 15
Maximum values of nitrite formation from various substances and mixtures of substances,
all initially at pH 7.5 on perfusing through 30 g soil at 21 C. 0.005 M NaNO2 = 70 pugN/ml

MAXIUM VALUE OF NTrTE POUND

SUBSTANCES (0.005 M) NOUS EFUKGTABOTFUI,TYHROUGUAS
pg N PER ML

Arginine........................................... 33
Arginine + NaNO2...................................... 186
Urea........................................... 43
Urea + NaNO2......................................... 88
Ornithine*........................................... 4
Ornithine* + NaNO2.................................... No maximum value attained
Urea + ornithine* ...................................... 76
Urea + ornithine* + NaNO2............................. 118
NaNO2........................................... No maximum value attained

* Ornithine concentration, 75 mg per 100 ml.

and nitrite simultaneously gives a very high maximum, much greater than any
of the others, and is reached only after a period of about 15 days compared
with 3 to 7 for the other maxima quoted. The greater efficacy of arginine in this
respect may be attributable to a specific inhibitory effect of the compound itself,
or of one of its intermediates, but it seems simpler to explain the result on the
basis of change of pH. A slow liberation of urea (or ammonia and carbon dioxide)
and ornithine would keep the pH high and thus maintain the observed effect over
a longer period and so secure an increased maximum value of nitrite.
In all cases the accumulated nitrite eventually disappears as the pH drops

and as adaptation of the nitrite oxidizing organisms to the high concentrations
of nitrite with subsequent proliferation takes place.

Inhibitors of Nitrite Oxidation in the Soil
1. Potassium chlorate. The bacteriostatic action of chlorate at low concentra-

tions (104 to 10-6 M) on the development of Nitrobacter has already been
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described. It may be pointed out, however, that an inhibitive effect of chlorate
at relatively high concentrations on the metabolism of nitrite in soil, enriched with
nitrite oxidizing organisms, is observable. Thus chlorate at a concentration of
10-5 M will reduce this metabolic activity of a saturated soil by 15 to 20%, and
a concentration as high as 10-4 M will completely suppress the activity. The re-
sults serve to indicate that chlorate is not without inhibitive action on the
metabolism of the resting cells of Nitrobacter, but the main effect is obviously
centered on proliferative processes which are susceptible to very small concen-
trations of the substance.

B. Chloromycetin. This antibiotic proves to be highly inhibitory to the me-
tabolism of nitrite when it is perfused thrugh a fresh soil. The presence of
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FIG. 17. The influence of chloromycetin on nitrite oxidation in fresh soil
A. 0.0025 M sodium nitrite.
B. Chloromycetin (25 mg percent).
C. 0.0025 M sodium nitrite and chloromycetin (25 mg percent).
Ordinate: Percentage nitrite remaining. Abscis8a: Time in days.

chloromycetin at a concentration of 25 mg per cent (M/1,300) entirely prevents
any disappearance of nitrite (M/400) within a period of ten days when perfused
over 30 g of soil. In the absence of the chloromycetin, the nitrite disappears
completely within this period. Typical results are shown in fig. 17. It should be
noted that in the presence of chloromycetin alone there is a small but steady rate
of appearance of nitrite due doubtless to the nitrification of residual ammonium
ions in the soil.
Whether the inhibitive effect of chloromycetin. on nitrite metabolism is con-

nected with the possession of a nitro group in its structure is a matter for further
investigation.

S. Nitrourea. This substance was chosen as a possible inhibitor of nitrite
metabolism because of its possession of a nitro group which might enable it to
compete with the nitrite ion for the enzyme involved.
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Experiment shows that nitrourea at a concentration of M/300 completely
inhibits the disappearance of M/100 nitrite on perfusion through soil when
followed over a period of 16 days. Nitrourea, however, at this concentration
does not inhibit the nitrification of ammonium ions, or nitrite formation from
pyruvic-oxime, on perfusion through soil. These results are shown in table 16.

4. Nitromwthane. This substance was also chosen as a possible inhibitor of
nitrite metabolism because of the presence of a nitro group in its structure.

TABLE 16
The specific inhibitory effect of nitrourea on nitrite oxidation in the soil

PERCENTAGE O TA PERFUE NTOGEN APPEAIG

SUBSTANCS Di PERFSONALUnI
3 days 0 days 16days

M/100 sodium nitrite 100 5
M/100 sodium nitrite and M/300 nitrourea 97 94 94
M/100 ammonium chloride and M/2000 2 22 48
potassium chlorate

M/100 ammonium chloride and M/2000 2 13 43
potassium chlorate and M/300 nitrourea

M/100pyruvic-oxime (Na salt) andM/2000 75
potassium chlorate

M/100 pyruvic-oxime (Na salt) and 82
M/2000 potassium chlorate and M/300
nitrourea

* Excluding the nitrogen of nitrourea.

TABLE 17
Effect of nitromethane on nitrite oxidation in the soil

PERCETAGE O NIRT-N RMuANING IN TGuPEUSATE
SUBSTANCES PERFUD

3days 6days 7 days 8 days 9days days lI days

M/100NaNOI 99 80 56 25 0 0 0
M/100 NaNOs and M/100 nitromethane 99 95 89 83 68 49 6

Experiment shows that nitromethane (M/100) causes a relatively small in-
crease in the normal lag period obtained when sodium nitrite (M/100) is per-
fused through a fresh soil. Typical results are shown in table 17. The effect of
nitromethane must be considered small, especially when compared with the
effects of other NO2 containing molecules such as nitrourea and chloromycetin.

6. dl-Methiionine. This amino acid exerts a powerful inhibitory effect on the
nitrification of ammonium ions (51). It has a highly inhibitory effect also on the
process of nitrite oxidation during perfusion through a fresh soil. Experimental
results are shown in table 18.
The inhibitory effects of methionine on the activities of both Nitrosomonas

and Nitrobacter make it seem likely that the glutamic-glutamine transformation
may play an important role in the metabolism of these organisms (10, 39, 57, 65).
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6. Thiourea. This substance at a concentration of M/100 proves to be an ef-
fective inhibitor of nitrite metabolism in a fresh soil. Table 18 displays a typical
result.

7. Ethyl urethane. Ethyl urethane was chosen for investigation because of its
highly inhibitory effect on the nitrification of ammonium ions on perfusion
through soil. It proves to have no inhibitory effect at a concentration of M/100
on the proliferation of Nitrobacter, or on the rate of oxidation of nitrite perfused
through a soil enriched with nitrite oxidizing organisms. Urethane (0.1%)
inhibits the respiration of a growing culture of Nitrobacter by only 4 per cent (42).

TABLE 18
Effects of M/100 di-methionine and M/lO0 thiourea on nitrite oxidation in soil

PERCENTAGE NMT-N REMAINIG IN PERUSATE
SUBSTANCE PERUSED

4 days days 17 days

M/100 sodium nitrite 93 33 0
M/100 sodium nitrite and M/100 dl-methi- 96 92 88
onine

M/100 sodium nitrite and M/100 thiourea 94 93 84

TABLE 19
Effects of sodium arsenite on nitrite oxidation in soil

PERCENTAG NITRIE-N RMAINI IN PERPusm
SUBSTANCE PERFUSED ______________________

4dy Sdays 6days 7 days

M/400 sodium nitrite 90 75 49 4
M/400 sodium nitrite and M/400 so- 94 95 97 95
dium arsenite

8. Sodium arsenite. On perfusing sodium nitrite through soil in the presence
of sodium arsenite, inhibition of nitrite oxidation takes place. Results given in
table 19 illustrate this phenomenon. It will be seen that the presence of arsenite
prevents disappearance of nitrite over a period of at least a week.

Manometric Experiments with Soils Enriched with Nitrite-Oxidizing Organisms

J Foils that have been enriched or saturated with organisms metabolizing certain
substrates may be conveniently investigated by the Warburg manometric tech-
niques. Examples of this have been given in previous papers on the oxidation of
ammonium ions by a soil saturated with Nitrosomonas (51). Application of these
techniques makes it possible to study soils in a manner similar to that employed
for' !animal or plant tissues and to explore metabolic events in the soil
quantitatively.

Soils, enriched with ammonia oxidizing organisms, must be used in the form
of aqueous suspensions for manometric investigations. This is necessary because
air-drying of such soils causes a high degree of inactivation of these orgasms.
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This is not the case, however, with the nitrite-oxidizing organisms. Such organ-
isms seem to be comparatively resistant to air-drying of the soil and will retain
their activities in an air-dried soil for many weeks.

It is convenient to use such air-dried soils, enriched or saturated with nitrite-
oxidizing organisms, for manometric studies, as far more soil than is possible
when using soil suspensions may be employed in the manometric vessels. The
technique adopted is that already described (20) for the study of the respiration
of suspensions of yeast cells spread over soil crumbs.
For experiment a soil is enriched and finally saturated with nitrite-oxidizing

organism as previously described. The soil is now removed from the perfusion
unit, spread evenly on a glass surface and allowed to dry out in the air at room
temperature. The air-dried soil is sieved, only particles of 1 to 2 mm being re-
tained, and stored in a glass bottle in the refrigerator at 0 to 5 C. This soil re-
tains its nitrite-oxidizing activity unimpaired for at least one week provided the
drying out has been adequate.
About four grams of the air-dried soil crumbs are placed in a Warburg mano-

metric vessel. Over this is spread carefully a small quantity of fluid, containing
the substrate under investigation, sufficient to be adsorbed by the soil without
any waterlogging taking place. Under such conditions, it has been shown that
optimal aeration of the soil takes place and rates of oxygen uptake may be
measured (so long as KOH is present to absorb released C02) without shaking
of the Warburg manometers.
Oxygen uptake of a saturated soil. Experiments were carried out to measure

the rate and amount of oxygen consumed by a soil saturated with nitrite oxi-
dizing organisms when sodium nitrite was added. 3.75 g air-dried saturated soil
are placed in each of a number of Warburg manometer vessels (containing KOH
in the center cups). To one is added 1.5 ml water (allowing the fluid to spread
as evenly as possible over the soil crumbs), to another a mixture of 1.0 ml water
and 0.5 ml M/50 sodium nitrite solution is added, and to another a mixture of
0.5 ml water and 1.0 ml M/50 sodium nitrite solution. The vessels are attached
to the appropriate manometers, placed in a water bath at 37 C (without shaking)
for about 20 minutes, the taps closed, and the rates of oxgyen consumption
measured. Typical results are shown in curves A and B, fig. 18, which record
the changes of oxygen uptake with time, corrections having been made for
the oxygen uptake of the water control.

It will be observed from curves A and B, that the velocities of oxygen uptake
are almost constant and approximately the same until they cease through ex-
haustion of the substrate. The difference between the total oxygen uptakes
(corrected for water control) for the oxidations of 0.5 ml M/50 NaNO2 and 1.0
ml M/50 NaNO2 (curves A and B) was 114.5 jl. This quantity is the amount
of oxygen required to oxidize 0.5 ml M/50 NaNO2. The theoretical quantity
of oxygen required for this amount of nitrite according to the equation:

2NaNO2 + O2 = 2 NaNO,,
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Thus, within experimental error, the theoretical consumption of oxygen is
obtained when sodium nitrite is oxidized by a soil saturated with nitrite-oxi-
dizing organisms.
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FIG. 18. The influence of sodium pyruvate on the oxidation of sodium nitrite in enriched
soil studied manometrically.

A. 1.0 ml 0.02 M NaNO2 + 0.5 ml water.
B. 0.5 ml 0.02 M NaNO2 + 1.0 ml water.
C. 0.5 ml 0.02 M Na pyruvate + 1.0 ml water.
D. 0.5 ml 0.02 M NaNOt + 0.5 ml 0.02 M Na pyruvate + 0.5 ml water.
Ordinate: pA Extra oxygen uptake. Abscissa: Time in hours.

TABLE 20
Oxygen uptakes of a 8sil enriched with nitrite-oxidizing organisms. 3.75 g soil. 1.5 ml fluid

containing substrate under investigation spread over the 80il. 4 hours at 87 C

SUBSTATE OXYGEN MPAKE

1.5 ml M/75 sodium nitrite 238 ul
1.5 ml M/200 hydroxylamine (neutral) 10Al
1.5 ml M/200 pyruvic-oxime (neutral) 26 ;l
1.5 ml M/200 sodium pyruvate 71.5 Al

* Corrected for water control.

Oxygen uptakes in the presence of pyruvate, pyruvic-oxime and hydroxylamine
Experiments were carried out to see whether a soil enriched with nitrite-oxi-

dizing organisms would bring about the oxidation of hydroxylamine, pyruvic-
oxime or sodium pyruvate. Typical results are given in table 20. They show that,
whereas sodium nitrite undergoes oxidation, neither hydroxylamine nor pyruvic-
oxime brings about increased oxygen uptakes within experimental error. It is
clear therefore that, under these experimental conditions, Nitrobacter does not
secure oxidation of hydroxylamine or pyruvic-oxime.
With sodium pyruvate, however, there is an increased oxygen uptake of 71.5

pul. If oxidation of one mole pyruvate to one mole acetate were taking place, the
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theoretical increased oxygen uptake would be 84 p1. In another experiment the
increased oxygen uptake due to pyruvate was 90% of that calculated on the
basis of conversion only to acetate. Sodium acetate, itself, secures no increase
of oxygen uptake when added to a soil saturated with nitrite oxidizing organisms.
The conclusion would be that either Nitrobacter, or some other organism

developing in the soil on continued perfusion of sodium nitrite, brings about the
oxidation of sodium pyruvate, possibly to sodium acetate.

Curves C and D, fig. 18, show the rates of oxygen uptake secured by saturated
soils in presence of sodium pyruvate and a mixture of sodium pyruvate and
sodium nitrite. It appears that the oxidations of nitrite and of pyruvate by satu-
rated soils proceed independently of each other, for the rate of oxygen uptake
with the mixture is practically the sum of the individual rates. The result indi-
cates that the presence of pyruvate does not diminish the ability of Nitrobacter
to metabolize nitrite and this is in harmony with the observed fact that the ad-
dition of pyruvate has but little effect on their development in the perfusion
experiments.

It is concluded, therefore, that the presence of organic matter such as pyruvate
is not inhibitory to the respiration of Nitrobacter, a finding which is in harmony
with the earlier results (42) on the action of glucose.

Summary of Part II
1. The kinetics of nitrite oxidation, on perfusion through soil at 21 C under

optimal aeration conditions, have been investigated. When nitrite is perfused
through a freshly dried, crumbed, soil, a lag period occurs that is followed by a
rapid disappearance of the nitrite. The extent of the lag period increases with
increase of the initial concentration of nitrite. The rate of nitrite oxidation
obeys the relationship:

log c = Kt + K'
where c is the amount of nitrite oxidized and K and K' are constants. The
derivation of this equation and the significance of the time lag are discussed.

2. The rate of proliferation of the nitrite oxidizing organisms is independent
of the initial concentration of nitrite.

3. It is concluded, from kinetic evidence, that either (a) a mutant, or re-
sistant strain immune to the toxic action develops with increased concentrations
of nitrite, or (b) that nitrite metabolizing cells develop, by adaptation, mecha-
nisms enabling them to withstand the toxic action of increased concentrations
of nitrite.

4. Soils, on continued perfusion and reperfusion with nitrite, become enriched
or saturated with nitrite oxidizing organisms. Such soils oxidize nitrite at con-
stant rates.

5. Themetabolic (nitrite oxidizing) activity of a soil, at saturation is a function
(possibly linear) of the initial perfusing concentration of the nitrite. The con-
clusion is made that the metabolic activity per nitrite oxidizing cell is increased
in response to exposure to higher initial concentration of nitrite.
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6. Soils enriched at a given initial concentration of nitrite can metabolize any
lower concentration of nitrite without any initial time lag and will do so at a
rate almost identical with that at which it metabolizes the substrate at the en-
riching concentration. Such soils will also metabolize higher concentrations of
nitrite, up to four times that used for enrichment, with an unaltered rate. Higher
concentrations of nitrite than these are metabolized as a lower rate or with
initial time lag. The time lag, however, is much smaller than that obtained when
the high concentration of nitrite is perfused for the first time over a fresh soil.
The results are in harmony with the view that, as a result of an adaptive process
taking place during the lag period, the nitrite metabolizing cell acquires an in-
creased concentration of a nitrite-oxidizing enzyme system and for some reason,
not yet understood, is thereby enabled to proliferate in presence of otherwise
toxic concentrations of nitrite.

7. During the perfusion of ammonium ions, the soil acquires the ability to
oxidize nitrite without initial time lags indicating enrichment with the nitrite
oxidizing organisms.

8. The presence of a-amino acids tends to retard the rate of disappearance of
admixed nitrite when perfused through soil, probably by giving rise themselves
to nitrite. The effects usually are small. dl-Methionine has, however, a highly
inhibitory effect on nitrite utilization. Arginine is anomalous in that, in the
presence of nitrite, the nitrite, instead of disappearing, increases markedly in
quantity. It is shown that this phenomenon is probably due to hydrolysis of
urea (liberated from the arginine) with formation of ammonia at a high pH.
Under such conditions nitrite utilization in soil is inhibited.

9. The effect of chloromycetin, nitrourea and nitromethane on the oxidation
of nitrite in soil has been investigated. Chloromycetin and nitrourea prevent
proliferation of Nitrobacter at a concentration of M/1,000 and hence are of the
same order of efficiency as potassium chlorate. Nitromethane has a definite
though relatively small inhibitory effect on nitrite metabolism at a concentration
of M/100.

Thiourea and sodium arsenite are inhibitory to nitrite oxidation in soil, but
ethyl urethane (M/100) is without effect, in contrast to its marked action on
ammonia oxidation in soil.

10. Soils saturated with nitrite oxidizing organisms may be investigated by
the Warburg manometric technique. Using such soils, it is shown that the
theoretical consumption of oxygen is obtained when sodium nitrite is oxidized
by a soil saturated with nitrite-oxidizing organisms.

11. The presence of organic matter such as pyruvate is not inhibitory to the
respiration of nitrite oxidizing organs in soil. Soils saturated with such or-
gani cannot oxidize hydroxylamine or pyruvic-oxime.

Acknowledgements. Grateful acknowledgement is made to the National Cancer
Institute of Canada for a grant in aid of a program of work of which the above
represents a part. Thanks also are due to Miss Colleen Fitzpatrick for her able
assistance in this work.



1951] NITRIFiCATION IN SOIL 51

Much of the preliminary work on soil perfusion leading up to the results re-
ported in this paper was carried out by the authors in the laboratories of the
Agricultural Research Council Unit of Soil Metabolism, University College,
Cardiff, Wales.

REFERENCES
(1) ALBRECHT, W. A. AND MCCALLA, T. M. 1937 Nitrification of ammonia absorbed on

colloidal clay. Proc. Soil Soc. Amer., 2, 263-267.
(2) ALBRECHT, W. A. AND MCCALLA, T. M. 1938 The colloidal clay fraction of soil

as a cultural medium. Am. J. Bot., 25, 403-407.
(3) ALLEN, E. R. AND BONNAZZI, A. 1915 Nitrification. I. Preliminary observations.

Tech. Bull. Ohio Agric. Exp. Sta., 7, 5-42.
(4) AUDUS, L. J. 1946 A new soil perfusion apparatus. Nature, 158, 419.
(5) AuDus, L. J. AND QUASTEL, J. H. 1947 Coumarin as a selective phytocidal agent.

Nature, 159, 320-324; and Audus, L. J. 1949 Biological detoxication of 2:4
dichlorophenoxyacetic acid in soil. Plant and soil, 2, 31.

(6) BARRiTT, N. W. 1933 The nitrification process in soils and biological filters. Ann.
Appl. Biol., 20, 165-184.

(7) BEESLEY, R. M. 1914. Experiments on the rate of nitrification. J. Chem. Soc.
(London), 105, 1014-1024.

(8) BEIJERINCK, M. W. 1914 tJber das Nitrat-ferment und fiber physiologische Artbil-
dung. Folia Microb., 3, 91-113.

(9) B6mEcKE, H. 1939 Beitrige zur Physiologie nitrifizierender Bakterien. Arch. Mikro-
biol., 10, 385-445.

(10) BOREK, E., MILLER, H. K., SCHEINESS, P. AND WAELSCH, H. 1946 Effect of the sulph-
oxide from dl-methionine on glutamic acid and glutamine metabolism. J. Biol.
Chem., 163, 347.

(11) BOULANGER, E. AND MASSOL, L. 1903 etudes sur lea microbes nitrificateurs. Ann.
inst. Pasteur, 17, 492-515.

(12) BuRRI, R. AND STUTZER, A. 1895 tlber einen auf NAhregelatine gedeihenden nitrat-
bildenden Bacillus. Cent. Bakt., II, 1, 721-740.

(13) CASTER, A. B., MARTIN, W. P. AND BUEHRER, T. F. 1942 Threshold pH values for
the nitrification of ammonia in desert soils. Soil Sci. Amer. Proc., 7, 223-228.

(14) CHASE, F. E. 1948 A preliminary report on the use of the Lees and Quastel soil
perfusion technique in determining the nitriflying capacity of field soils. Sci. Agric.,
28, 315-320.

(15) CONN, H. J. AND CONN, J. E. 1940 The stimulating effect of colloids upon the growth
of certain bacteria. J. Bact., 39, 99-100.

(16) CORBET, A. S. 1935 The formation of hyponitrous acid as an intermediate com-
pound in the biological or photochemical oxidation of ammonia to nitrous acid. II.
Microbiological oxidation. Biochem. J., 29, 1086-1096.

(17) CUTLER, D. W. AND MUKERJI, B. K. 1931 Nitrite formation by soil bacteria other
than nitrosomonas. Proc. Roy. Soc., B108, 384-394.

(18) DESAi, S. V. AND FAZAL-UD-DIN. 1937 Influence of nonnitrifying organisms on
nitrification. Indian J. Agric. Sci., 7, 895-905.

(19) DELAR, N. R. AND MUKERJI, S. K. 1941 Influence of sunshine on nitrification and
denitrification. Ann. Agron., 11, 87-91.

(20) ELLINGER, G. AND QUASTEL, J. H. 1948 Preliminary experiments in the study of the
respiratory activity of micro-organisms suspended in thin films of fluid adhering to
soil surfaces. Biochem. J., 42, 214-218.

(21) FRANKLAND, P. F. AND FRANKLAND, G. 1890 The nitrifying process and its specific
ferment. Trans. Roy. Soc. (London), B181, 107.

(22) FRAPS, G. S. AND STURGEs, A. J. 1939 Effect of phosphates on nitrifying capacity
of soils. Soil Sci., 47, 115-121.



52 J. H. QUASTEL AND P. G. SCHOLEFIELD [VOL. 15

(23) FRED, E. B. AND DAVENPORT, A. 1921 The effect of organic nitrogenous compounds
on the nitrate-forming organism. Soil Sci., 11, 389-407.

(24) GLEEN, H. 1949. Thesis: University of Wales, Cardiff.
(25) HES, J. W. 1937. Thesis: University of Groningen, Groningen.
(26) HINSHELWOOD, C. N. 1946 Chemical Kinetics of the Bacterial Cell. Oxford. Claren-

don Press.
(27) JENSEN, H. L. 1950 Effect of organic compounds on Nitrosomonas. Nature, 165, 974.
(28) JOWETT, M. 1938 Action of narcotics on brain respiration. J. Physiol., 92, 322-335.
(29) KINGMA BOLTJES, T. Y. 1935 Untersuchungen uber die nitrifizierenden Bakterien.

Arch. Mikrobiol., 6, 79.
(30) KLEIN, G. AND SVOLBA, F. 1927 Zwischenprodukte bei Assimilation und Atmung

autotropher Bakterien. Z. Botanik., 19, 65-100.
(31) KLUYVER, A. J. AND DONKER, H. J. L. 1925 Catalytic transference of hydrogen as

the basis of dissimilation processes. Proc. Acad. Sci. Amsterdam, 28, 605-618.
(32) LEES, H. 1946 Effect of copper enzyme poisons on soil nitrification. Nature, 158, 97.
(33) LEES, H. 1947 A simple automatic percolator. J. Agric. Sci., 37, 27.
(34) LEES, H. 1948 The effects of various organic materials on soil nitrification. Biochem.

J., 42, 528-531; The immobilization of mineral nitrogen in soils by different organic
compounds. Ibid., 531-534; The effects of zinc and copper on soil nitrification. Ibid.,
534-538.

(35) LEES, H. AND QUASTEL, J. R. 1944 A new technique for the study of soil sterilisa-
tion. Chem. and Ind., No. 26, 238-239.

(36) LEES, H. AND QUASTEL, J. H. 1945 Bacteriostatic effects of potassium chlorate on
soil nitrification. Nature, 155, 276-278.

(37) LEES, H. AND QUASTEL, J. H. 1946 Kinetics of, and the effects of poisons on, soil
nitrification, as studied by a soil perfusion technique. Biochem. J., 40, 803-814; The
site of soil nitrification. Ibid., 815-823; Nitrification of various organic nitrogen
compounds. Ibid., 824-828.

(38) MANN, P. J. G. AND QUASTEL, J. H. 1946 Manganese metabolism in soils. Nature,
158, 154-156.

(39) McILwMN, H., ROPER, J. A. AND HUGHES, D. E. 1948 Relationships in Streptococci
between growth and metabolism of glutamine. Biochem. J., 42, 492-508.

(40) MEEK, C. S. AND LIPMANN, C. B. 1922 The relation of the reaction and of salt con-
tent of the medium to nitrifying bacteria. J. Gen. Physiol., 5, 195-204.

(41) MEIKLEJOHN, J. 1950 The isolation of Nitro8omonas europeae in pure culture. J.
Gen. Microbiol., 4, 185-191.

(42) METERHOF, 0. 1916 Untersuchungen uiber den Atmungsvorgang nitrifizierenden
Bakterien. I. Die Atmung des Nitratbildners. Pfiug. Arch. ges. Physiol., 164, 353-
427; II. Beeinflussung der Atmung des Nitratbildners durch chemische substanzen.
Ibid., 165, 229-284; III. Die Atmung des Nitritbildners und ihre Beeinflussung durch
chemische Substanzen. Ibid., 166, 240-280.

(43) MIYAKE, K. 1916 On the nature of ammonification and nitrification. Soil Sci., 2,
481492.

(44) NELSON, R. T. 1944 Studies of microbial activity, chlorate reduction, and chlorate
toxicity in soils treated with sodium chlorate. J. Agri. Research., 68, 221-237.

(45) OWEN, 0. AND WINSOR, G. W. 1950 Nitrification of amino acids. Nature, 166, 239.
(46) OWEN, O., WINSOR, G. W. AND LONG, M. I. E. 1950 Effect of carbon nitrogen ratio

upon the formation of nitrate and ammonia from amino acids in soil. Nature, 166,
152.

(47) PANDALAI, K. M. 1946 Symbiotic aspects of nitrification. Nature, 158, 484-485.
(48) PIKOVS'KAYA, R. 1940 The activity of nitrifying bacteria of various soils. Mikrobiol.

Zh., 7, 189-206.
(49) PULLEY, H. C. AND GREAVES, J. D. 1932 An application of the autocatalytic growth

curve to microbial metabolism. J. Bact., 24, 145-168.



1951] NITRIFICATION IN SOIL 53

(50) PuRi, A. N., RAI, B. AND KAPUR, R. K. 1946 Oxidation of nitrites and oxalates in
soil. Soil Sci., 62, 121-136.

(51) QUASTEL, J. H. AND SCHOLEFIELD, P. G. 1949 Influence of organic compounds on
nitrification in soil. Nature, 164, 1068-1072.

(52) QUASTEL, J. H. AND SCHOLEFIELD, P. G. 1950 Nitrification of amino acids. Nature,
166, 239.

(53) QUASTEL, J. H., SCHOLEFIELD, P. G. AND STEVENSON, J. W. 1950 Oxidation of
pyruvic-oxime by soil organisms. Nature, 166, 940-942.

(54) QUASTEL, J. H., STEPHENSON, M. AND WHETHAM, M. D. 1925 Some reactions of
resting bacteria in relation to anaerobic growth. Biochem. J., 19, 304-317.

(55) QUASTEL, J. H. AND WHEATLEY, A. H. M. 1932 Narcosis and oxidations of the brain.
Proc. Roy. Soc. (London), B, 112, 60-79.

(56) QUASTEL, J. H. AND WOOLDRIDGE, W. R. 1927 The effects of chemical and physical
changes in environment on resting bacteria. Biochem. J., 21, 148-168.

(57) ROPER, J. A. AND MCILWAIN, H. 1948 Preparation and antibacterial action of some
compounds structurally related to glutamic acid. Their application in microbio-
biological determination of small quantities of glutamine. Biochem. J., 42, 485-492.

(58) SACK, J. 1925 Nitratbildende Bakterien. Cent. Bakt., II, 64, 32-39.
(59) SCHLOESSING, J. H. AND MUNTZ, C. A. 1877-1879 Sur la nitrification par les ferments

organises. (a) & (b). C. R. Acad. Sci., Paris, 84, 301; 85, 1018; Recherches sur la
nitrification par les ferments organises. Ibid., 86, 891; Recherches sur la nitrifica-
tion. Ibid., 89, 1074.

(60) SCHOLEFIELD, P. G. 1949 Thesis: McGill University, Montreal.
(61) STEVENS, F. L. AND WITHERS, W. A. 1909 Studies in soil bacteriology I. Nitrifica-

tion in soils and in solutions. Cent. Bakt., II, 23, 355-373.
(62) STEVENS, F. L. AND WITHERS, W. A. 1910 Studies in soil bacteriology IV. The in-

hibition of nitrification by organic matter compared in soils and in solutions. Cent.
Bakt., II, 27, 169-186.

(63) SINGH, B. N. AND NAR, K. M. 1939 Is sunlight a factor in nitrogen transformation
in soil? Soil Sci., 47, 285-291.

(64) TANDON, S. P. AND DHAR, N. R. 1934 Influence of temperature on bacterial nitrifi-
cation in tropical countries. Soil Sci., 38, 183-189.

(65) WAELSCH, H., OWADES, P., MILLER, H. K. AND BOREK, E. 1946 Glutamic acid
antimetabolities: the sulphoxide derived from methionine. J. Biol. Chem., 166,
273-281.

(66) WARINGTON, R. 1891 On nitrification. J. Chem. Soc., 59, 484.
(67) WHITING, A. L. 1926 Some important factors controlling the rate of nitrification

of organic materials. J. Amer. Soc. Agron., 18, 854 876.
(68) WIMMER, G. 1904 Beitrag zur Kenntnis der Nitrificationsbakterien. Z. Hyg. Infekt-

ionskrankh, 48, 135-174.
(69) WINOGRADSKY, S. 1890-1891 Recherches sur les organismes de la nitrification.

Ann. inst. Pasteur., 4, 213-231, 257-275, 760-771; Ibid., 5, 92-100, 577-616.
(70) WINOGRADSKY, S. 1931 Nouvelles recherches sur les microbes de la nitrification.

C. r. acad. sci., Paris, 192, 1000-1004.
(71) WINOGRADSKY, S. AND OMELIANSKY, W. 1899 tMber den Einfluss der organischen

Substanzen auf die Arbeit der nitrifizierenden Mikrobien. Cent. Bakt., II, 5, 329-343,
377-387, 429-440.

(72) ZOBELL, C. E. 1943 The effect of solid surfaces upon bacterial activity. J. Bact.,
46, 39-56.


